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Informe final de investigaci6n 

1. Ficha del proyecto 

1. 	 Titulo: "Modelos de Unificaci6n de Interacciones Fundamentales basados en el 
Grupo de Simetria SU(3)c SU(4)L U(l)x". 

2. 	 C6digo DIlVIE: 030802739. 

3. 	 Facultad: Ciencias. 

4. 	 Investigador Principal: Luis Alberto Sanchez Duque. Intesidad horaria: 10 
horas/semana. 

5. 	 lVIonitor Academico de investigaci6n: Felipe Andres Perez Valencia, Camet 
199906863, estudiante de Ingenieria Fisica. 

6. 	 Fecha de inicio: Enero de 2004. 

7. 	 Fecha de terminaci6n: Enero de 2005. 

2. Descripci6n de proyecto 

2.1. Resumen ejecutivo de la idea central 

En el presente proyecto se propone la identificaci6n y construcci6n de modelos de unifi­
caci6n de interacciones fuertes y electro-debiles usando el grupo de simetria gauge 
SU(3)c SU(4)L CO U(l)x, en los cuales: (a) no existan partfculas con cargas electricas 
ex6ticas ni en el sector de bosones de gauge ni en el sector fermi6nico, con el objeto 
de simplificar la fenomenologfa, y (b) se satisfaga la condici6n de libertad de anomalfas 
quirales, con el objeto de que los modelos sean renormalizables (que los efectos cuanticos 
sean calculables). Se pretende ademas estudiar las implicaciones fenomeno16gicas de por 
10 menos uno de los modelos identificados con el objeto de contrastarlo con los datos 
experimentales para determinar cual es su viabilidad como modelo realista. 
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2.2. 	Objetivos del proyecto 

2.2.1. 	Objetivo general 

Identificaci6n y construcci6n de modelos realistas de unificaci6n de interacciones fuertes 
y e1ectro-debiles, basados en e1 grupo de simetda gauge SU(3)c SU(4)L0U(1)x) libres 
de anomaHas quirales y sin cargas electricas ex6ticas. 

2.2.2. 	Objetivos espedficos 

1. 	 Estudio del generador de carga eh')ctrica en la simetrfa SU(3)c ® SU(4h U(l)x 
para 	determinar unfvocamente las condiciones bajo las cuales no se presentan 

eh=;ctricas ex6ticas. 

2. 	 Estudio de la estructura de multip1etes y de la asignaci6n de numeros cuanticos 
que dan lugar a mode10s libres de anomalfas quirales. 

3. 	 Estudio del mecanismo de rompimiento de simetrfa y de generaci6n de masas en 
pOl' 10 menos uno de los modelos para identificar posibles indicios de jerarqufas. 

4. 	 Estudio de las corrientes cargadas y neutras que permita confrontar por 10 menos 
uno de los modelos con las cotas experimentales provenientes de la medici6n del 
ancho de decaimiento del bosn ZO y de la medici6n de violaci6n de paridad at6mica 
en Cesio. 

3. Resultados directos 

3.1. Aportes al conocimiento cientifico 

Por primera vez en la literatura cientffica se hizo un estudio sistematico de todos los 
posibles modelos sin cargas electricas exoticas que pueden construirse con base en la 
simetrfa SU(3)c ® SU(4h :& U(l)x y se identificaron seis nuevos modelos, antes no 
conocidos, cuatro de los cuales son modelos en los que las anomalfas quirales se cancel an 
entre diferentes familias de partfculas elementales (modelos de tres familias ), mientras 
que en dos de ell os esas anomalfas se cancelan familia pOl' familia (modelos una 
familia). 

Adicionalmente logro mostrarse que dos de los modelos de tres familias son modelos 
realistas en dos sentidos: (a) proporcionan un espectro de masas para los fermi ones 
fundamentales conocidos el cual es consistente con los datos experimentales, y (b) los 
ciilculos de la masa del nuevo boson de gauge neutro ZOf que predicen estos modelos y 
de su angulo de mezcla son consistentes con cotas experimentales provenientes de 
mediciones del ancho de decaimiento del bos6n neutro ZO y de la violaci6n de paridad 
at6mica en Cesio. 

3.2. Implementaci6n de SoftwarE 

Se imp1ement6 un software en 1enguage C € 

predicciones de los modelos estudiados con Ie 
con los datos experimentales sobre 1a masa 
gauge 	Z'O cuya existencia es predicha por est 

El programa, el cual se present a en el anex. 
en la cual se usa informaci6n pertinente de 
CERN (Centro Europeo para la Investigaci61 
obtener 1a regi6n de confianza para 1a masa ; 

Este software sera utH en un futuro para 
ciones de otros mode10s en ffsica de pa'rtfcu1:: 

,A;~ 	 Resumen ejecutivo de 10 

4.1. 	Formaci6n de recursos hum. 

• Se culmin6 del trabajo de Grado "Cor 
dad Especial, la Ffsica de Partfculas E 

Ffsica y monitor academico ( 
Perez Valencia, bajo la direcci6n del in 

trabajo fue presentado publicarne: 
recibi6 su grado de Ingeniero Fisico ell 

• 	 El estudiante Perez Valencia particip6 
con la implementaci6n del software que 
como uno de los co-autores en una de Ie 

4.2. 	Publicaciones 

Los resultados de la presente investigacion 1 
nacionales indexadas y de tipo A en la clasH 
son: 

• 	 "William A. Ponce, Diego A. Gutierrez 
U(l)x without exotic electric charges)), 

• 	 Luis A. Sanchez, Felipe A. Perez y vVill 
model for three families", The Europea 



3.2. Implementacion de Software para investigacion 

Se implemento un software en lenguage C el cual se uso para la confrontacion de las 
predicciones de los modelos estudiados con los resultados experimentales, en particular, 
con los datos experimentales sobre la masa y el angulo de mezcla del nuevo boson de 
gauge Z'o cuya existencia es predicha por estos modelos. 

El programa, el cual se presenta en el anexo 3, llama a una subrutina (optimization. C) 
en la cual se usa informacion pertinente de cada modelo y, con el uso de librerfas del 
CERN (Centro Europeo para la Investigacion Nuclear), se minimiza la funcion X2 para 
obtener la region de confianza para la masa y el angulo de mezcla mencionados. 

Este software sera util en un futuro para confrontar experimentalmente las predic­
ciones de otros modelos en ffsica de partfculas elementales. 

~~/ Resumen ejecutivo de los resultados indirectos 

4.1. FOl'macion de recul'SOS humanos 

• Se culmino del 	trabajo de Grado "Conexi ones entre las simetrfas de la Relativi­
dad Especial, la Ffsica de Partfculas Elementales y la Optica" del estudiante de 
Ingenierfa Fisica y monitor academico de investigacion del proyecto Felipe Andres 
Perez Valencia, bajo la direccion del investigador principal del presente proyecto. 
Este trabajo fue presentado publicamente el 31 de Enero de 2005 y el estudiante 
recibio su grado de Ingeniero FIsico el pasado 30 de Marzo. 

• 	 El estudiante Perez Valencia participo activamente en el desarrollo del proyecto 
con la implementacion del software que se describio en la seccion anterior yaparece 
como uno de los co-autores en una de las publicaciones que se listan mas adelante. 

4.2. Publicaciones 

Los resultados de la presente investigacion han sido publicados en dos revistas inter­
nacionales indexadas y de tipo A en la clasificacion de Colciencias. Esas publicaciones 
son: 

• 	 William A. Ponce, Diego A. Gutierrez y Luis A. Sanchez: "SU(3)c SU(4)L 
U(1)x without exotic electric charges" ) Physical Review D69, 055005 (2004). 

• Luis A. Sanchez, Felipe A. 	Perez y William A. Ponce: "SU(3)c SU(4)L U(1)x 
model for three families", The European Physical Journal C, 35, 259 (2004). 
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4.3. Cooperaci6n con otros grupos de investigaci6n 

El presente proyecto de investigaci6n fue uti! en el fortalecimiento de la cooperaci6n con 
el Grupo de Fenomenologfa de las Interacciones Fundamentales del Instituto de Flsica 
de la Universidad de Antioquia; en efecto, dos de los co-autores de las publicaciones: 
\iV'illiam Ponce y Diego Gutierrez, son integrantes de ese grupo de investigaci6n. 

DIFICULTADES 

Las mayores dificultad se encontraron tanto en el retraso con el que llegaron los dineros 
asignados al proyecto como en Ia ejecuci6n de algunos rubros, 10 cual, en ocasiones, se 
traduce en retraso en Ia ejecuci6n misma del proyecto. 

5. Anexos 

Se presentan a continuaci6n los siguientes ar 

• 	 Anexo 1: Resumen del Trabajo de ( 
Valencia. 

• 	 Anexo 2: Publicaciones. 

• 	 Anexo 3: Software. 
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5. Anexos 

Se presentan a continuaci6n los anexos: 

• Anexo 1: Resumen del Trabajo de Grado del Estudiante Felipe Andres Perez 
Valencia. 

• Anexo 2: Publicaciones. 

• Anexo 3: Software. 
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Anexo 1 

TRABAJO DE GRADO 

Titulo: Conexiones entre las simetrias de la Relatividad Especial, la Ffsica de Partfculas 
Elementales y la Optica~ 

Presentado POl': Felipe Andres Perez Valencia. 
(como requisito parcial para optar al titulo de Ingeniero Fisico.) 

Director: Luis Alberto Sanchez Duque. 
Fecha de Sustentaci6n: Enero 31 de 2005. 
Jurado: Profesores William A. Ponce Gutierrez, Ph.D., Instituto de Fisica de la 

Universidad de Antioquia, y Javier Morales Aramburo, M.Sc., Escuela de Ffsica Univer­
sidad Nacional sede MedelHn. 

Concepto del Jurado: Aprobado con recomendacon de la distincion "Meritoria". 
Resumen: 
Se hace una descripcion detallada de los grupo de Lorentz y del grupo SL (2, C), y 

se muestra el homomorfismo existente entre ambos grupos y su conexion con los "little 
groups" de \Vigner, que son los subgrupos maximos del grupo de Lorentz que dejan 
invariante el cuadrimomentum pfl de una particula. Se estudia ademas la relacion que 
existe entre los generadores de traslaciones y las transformaciones gauge para partfculas 
no masivas; y se muestra la relacion entre el generador de rotaciones y la helicidad de esas 
partfculas en el contexto de la mecanica cuantica relativista. Posteriormente se muestra 
el procedimiento para obtener e1 grupo E (2) de transformaciones en el plano euclidi­
ano a partir del grupo 0 (3) de rotaciones en tres dimensiones, Hamado contraccion de 
Inonu-vVigner, y se utiliza este mismo procedimiento para contraer 0 (3) como little 
group a E (2) como little group. Finalmente se estudia un ejemplo concreto de como 
un sistema de una lente inmersa en aire puede describirse a traves de una matriz que 
se puede escribir mediante dos transformaciones de similaridad por medio de transfor­
maciones de Lorentz, una para particulas masivas y otra para particulas no masivas. 
~-~---------------------------------------------­
----------------------------------~-~---~-------­

En las dos paginas siguientes se presentan fotocopias de la portada y del fndice del 
trabajo de grado, asi como del acta de sustentaci6n del mismo. 
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Anexo 2 

PUBLICACIONES 



PHYSICAL REVIEW D 69, OSS007 (2004) 

S U(3)c® S U(4 ) L ® U(1)x without exotic electric charges 

William A. Ponce and Diego A. Gutierrez 
lnstitllw de Fisica, Universidad de Antioquia, A.A. 1226, MedellIn, Colombia 

Luis A. Sanchez 
Escuela de Fisica, Universidad Nadonal de Colombia, A.A. 3840, Medellin, Colombia 

(Received 10 December 2003; published 31 March 2004) 

We present an extension of the standard model to the local gauge group S U(3)c®S U( 4 )L® U(1 h with a 
family nonuniversal treatment and anomalies canceled among the three families in a nontrivial fashion. The 
mass scales, the gauge boson masses, and the masses for the spin 112 particles in the model are analyzed. The 
neutral currents coupled to all neutral vector bosons in the model are studied, and particular values of the 
parameters are used in order to simplify the mixing between the three neutral currents present in the theory, 
mixing which is further constrained by experimental results from the CERN LEP, SLAC Linear Collider, and 
atomic parity violation. 

DOl: 1O.1l03/PhysRevD.69.0SS007 

I. INTRODUCTION 

In spite of the overwhelming phenomenological success 
of the standard model (SM) based on the local gauge group 
SU(3)c®SU(2)L® U( 1)r, with SU(2)L® U( 1h hidden 
and SU(3)c confined [1], it fails to explain several issues 
such as hierarchical fermion masses and mixing angles, 
charge quantization, strong CP violation, replication of fami­
lies and neutrino oscillations among others. For example, in 
the weak basis, before symmetry is broken, the three families 
in the SM are identical to each other; when symmetry break­
ing takes place, the fermions get masses according to their 
experimental values and the three families acquire a strong 
hierarchy. However in the SM there is no mechanism for 
explaining the origin of families or the fermion mass spec­
trum. 

These drawbacks of the SM have led to a strong belief 
that the model is still incomplete and that it must be regarded 
as a low-energy effective field theory originating from a 
more fundamental one. That belief lies on strong conceptual 
indications for physics beyond the SM which have produced 
a variety of theoretically well motivated extensions of the 
model: left-right symmetry, grand unification, supersymme­
try, superstring inspired extensions, etc. [2]. 

At present the only experimental fact that points toward a 
beyond the SM structure lies in the neutrino sector, and even 
there the results are not final yet. So a reasonable approach is 
to depart from the SM as little as possible. allowing some 
room for neutrino oscillations [3]. 

SU(4) L ® U( 1 ) x as a flavor group has been considered 
before in the literature [4,5]. and. among its best features, 
provides an alternative to the problem of the number N j of 
families. in the sense that anomaly cancellation is achieved 
when Nj =Nc=3. Nc being the number of colors of SU(3)c 
(also known as QeD). In addition, this gauge structure has 
been used recently in order to implement the so-called little 
Higgs mechanism [5]. 

In this paper an analysis of the SU(3)c®SU(4)L 
®P(lh local gauge theory (hereafter the 3-4-1 theory) 

PACS number(s): 12.1O.Dm, 12.IS.Ff, 12.60.Cn 

shows that, by restricting the fermion field representations to 
particles without exotic electric charges and by paying due 
attention to anomaly cancellation, a few different models are 
obtained, while by relaxing the condition of the nonexistence 
of exotic electric charges, an infinite number of models can 
be generated. 

This paper is organized as follows. In the next section we 
introduce the model based on the local gauge group 
SU(3)c®SU(4h®U(lh which we are going to study. In 
Sec. ill we describe the scalar sector needed to break the 
symmetry and to produce masses to the fermion fields in the 
model. In Sec. IV we study the gauge boson sector paying 
special attention to the neutral currents present in the model 
and their mixing. In Sec. V we analyze the fermion mass 
spectrum. In Sec. VI we use experimental results in order to 
constrain the mixing angle between two of the neutral cur­
rents and the mass scale of the new neutral gauge bosons. In 
the last section we summarize the model and state our con­

_ elusions. At the end an Appendix is presented in which we 
make a systematic analysis of the 3-4-1 symmetry and obtain 
general conditions to have anomaly free models without ex­
otic electric charges. 

II. THE FERl\UON CONTENT OF THE MODEL 

In what follows we assume that the electroweak gauge 
group is SU(4h®U(l)x which contains SU(2h®U(lh 
as a subgroup, with a nonuniversal hypercharge X in the 
quark sector, which in tum implies anomaly cancellation 
among the families in a nontrivial fashion. We also assume 
that the left-handed quarks (color triplets) and left-handed 
leptons (color singlets) transform either under the 4 or 4' 
fundamental representations of S U(4 ) L. and that as in the 
SM. S U(3)c is vectorlike. 

With the former assumptions we look for the simplest 
structure in such a way that, not only it does not contain 

. fields with exotic electric charges. but also that charged ex­
otic leptons are absent from the anomaly-free spectrum. Ac­
cording to the Appendix there is only one model (model A) 
satisfying all those constraints. for which the electric charge 

OS56-2821/2oo4!69(S)/OSS007( I 0)/$22.S0 690SS007-1 ©2004 The American Physical Society 
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operator is given by Q=T3L+(lfj3)TsL+(l/j6)TI5L 
+X/4' with the following fermion structure: 

;:1 
Dal 

D'/
a L 

ir] [3,1,-n [3,l,t] [3,l,n 

V 'C~:) ILVI 

v; L 

[3,4, [3,I,t] [3,1, -j] [3,1, -~] [3,1, - n 

'0 
N 

a 

[1,4,-t] [1,1,1] 

where a 2,3 and a= 1,2,3 are two and three family in­
dexes, respectively. The numbers in parentheses refer to the 
[SV(3)c,SV(4h,V(lh] quantum numbers, respectively. 
Notice that if needed, the lepton structure of the model can 
be augmented with an undetermined number of neutral Weyl 
singlet states Ntb ~ [1,1,0], . b = 1,2, ... , without violating 
our assumptions, neither the anomaly constraint relations, 
because singlets with no X charges are as good as not being 
present as far as anomaly cancellation is concerned. 

III. THE SCALAR SECTOR 

Our aim is to break the symmetry following the pattern 

SV(3 )c®SV(4)L ® V( 1 )x-.SV(3 )c®SV(3)L® V( l)x 

where SV(3)c®SV(3)L®V(lh refers to the so-called 
3-3-1 structure introduced in Ref. [6]. At the same time we 
want to give masses to the fermion fields in the model. With 
this in mind we introduce the following three Higgs scalars: 
91[1,4, - 3/4] with a vacuum expectation value (VEV) 
aligned in the direction (<PI) =(u,O,O,O)T; <P2[1,4,-1I4] 
with a VEV aligned as (92) (O,O,v,O)T and 93[1,4, 
-114] with a VEV aligned as (93) =(O,O,O,v')T, with the 
hierarchy V_V';p u - 174 Ge V (the electro weak breaking 
scale). 

PHYSICAL REVIEW D 69, 055007 (2004) 

IV. THE GAUGE BOSON SECTOR 

In the model there are a total of 24 gauge bosons: One 
gauge field BJ.L associated with V (1 h, the 8 gluon fields 
associated with SV(3)c which remain massless after break­
ing the symmetry, and another 15 gauge fields associated 
with S V (4)L which we may write as 

DJi. W+J.L K+J.L X+Ji. 
I 

W-J.L K°J.L X°J.LD~1 1 
-i\o:f\J.L=­,K-J.L D'f y0J.L2 a fi R°J.L j 

X-J.L DJ.LX°J.L Y°J.L 4 

where Di=A'}1 Ii+A~I j6+ A fsl m. D~= -A'}I Ii 
+Ak1j6+Ais1m; D'}= 2Ak1j6+Aisfm, and D~ 
= - 3Ar/m. 

After breaking the symmetry with (91) + (<P2) + (<P3) and 
using for the covariant derivative for 4-plets iDJ.L= iBJ.L 

(gI2)i\o:f\~- g' XBJ.L, where g-and g I are the SV(4)L and 
V(lh gauge coupling constants, respectively, we get the 
following mass terms for the charged gauge bosons: M~v= 
=(g2/2)u 2 as in the SM. M~==(g2/2)(u2+ V2), M~= 
_ 2 2 12 2 ( 212) 2 2 - (g /2)( u + V ), M J0l(Ko) g V • M XO(xo) 

=(g2/2)V'2 and M;o(yO)=(g2/2)(V2+ V'2). Since W!: 
does not mix with K= or with X= we have that u= 174 GeV 
as in the SM. 

For the four neutral gauge bosons we get mass terms of 
the form 

1 
M is a 4 X 4 matrix with a zero eigenvalue corresponding 

to the photon. Once the photon field has been identified. we 
remain with a 3 X 3 mass matrix for three neutral gauge 

bosons ZJ.L, Z' J.L and Z"P: Since we are interested now in the 
low energy phenomenology of our model, we can choose V 

V' in order to simplify matters. For this particular case the 
field ZflJ.L=A~/j3-m3Ar5 decouples from the other two 
and acquires a squared mass (g2/2) \,2. By diagonalizing the 
remaining 2 X 2 mass matrix we get the other two physical 
neutral gauge bosons which are defined through the mixing 
angle £I between ZJ.L' Z~: 

where 

055007-2 

'I " '8' 
SU(3)c0SU(4)L0U( I h WITHOUT EXOTIC ELECfRIC CHAR 

tan(20)=- -11+282[1+ 2V2C'tv_-=-C?v] , (1) 

u 2 1+282 

with 8=g'/(2g). 

The photon field AJ.L and the fields ZJ.L and Z~ are given by 

A.=SwAf+Cw[ ~(A:+i) +(l-Tl,l2)lnB.J. 

A: Charge 

After some algebra, the Hamiltonian for the charoed curren 
'" 

CC 
H =1[W: ( Ci2 UaLyJ.LdaL) -UI 

+K:( Ci2 UaLyJ.LDaL) -DILl 

+(( ~ - J.L') -,+XJ.L :22uaLyDaL -VIL 

+K~( Ci2 daLyJ.LDaL) -DILl' 

+X~( ( daLyJ.LD~L) D'IL~3 

B. Neutral 

The neutral currents JJ.L(EM), J JZ), JJ.L(Z'), and JJ.L(ZtI) a 

HO eAJ.LJJ.L(EM) + (gICw)ZJ.LJJ.L(Z) + ( 

are 

JJ.L(EM) = ~(Ci2 UaYJ.LUa) +U'YJ.Lul+ l 

HCi2 daYJ.Lda+DaYJ.LDa-f 

055007 
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2J2cw 
tan(2 0) "" - ---[--2-V2---2---] ' (1) 

~1+282 1+ -_C2 
v 2 1+282 w 

(2) 

Sw= 2 8/ ~682 + 1 and C ware the sine and cosine of thewith 8""g'/{2g). 
electroweak mixing angle respectively, and Tw=Sw/Cw.The photon field A J1. and the fields Z J1. and Z ~ are given by 
We can also identify the Y hypercharge associated with the 
SM Abelian gauge boson as 

N'=SwAf+Cw[ ~(A~+i) +{l-T~vl2)lf2BJ1.l, 


ZJ1.= CwAf-Sw[ Tw ( A~+i) +(1- T~v/2)1f2BJ1.l, 


A. Charged currents 


After some algebra, the Hamiltonian for the charged currents can be written as 


HCC= ~[w;({ ±U;'LyJ1.d"J-UILyJ1.dIL-( ±VeaLyJ1.e;;L))
'12 \ a=2 I \ a= \ 

+ K; ( (± UaL yJ1. D aL) - U 1L'YJ1.d IL - (± N~L yJ1.e;;L) )
\ a=2 a=\ 

+x;{(± UaLyJ1.D~L)-[;'ILyJ1.dIL-(± N/~LyJ1.e;;L)l
\ a=2 a= 1 / 

+K~( Li2 daLYDaL)-UILyJ1.UIL-(ii ~LYVeaL)) 

+ x~( (± daL yp. D~L) - [;1 IL yJ1.U IL - ( ±N/~L yP.VeaL1 ) 
a=2 \a=1 I 

(4)+ Y~( (~2 DaL yJ1.D~L) - [;1 IL yU;L - (~I N/~L yJ1.N~L) ) ] + H.c. 

B. Neutral currents 

The neutral currents J p.(EM), J p.(Z) , J p.(Z'), and J J1.{ZIf) associated with the Hamiltonian 


HO=eAJ1.J iEM) + (gIC w)ZJ1.J p.{Z) + (g'l ji)Z' p.J J1.(Z') + (g/2)Z"P.J J1.(ZII) 


are 

JJ1.(EM) ~((~2 Ua YJ1.ua) +UIYJ1.Ut+UIYJ1.UI+[;/tYP.U;) 

-}( (~2 daYp.da+ DaYp.Da+ D' ayp.D~) +d1Yp.d1) - ~l -e; Yp.e;; 

(3) 
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3 

J/L{Z") == 2: (D' aL "I/L D~L - DaL "I /L Dad 
a=2 

+( - fI' IL Y/LU;L + fIlL Y/LU Id 
3 

+ 2: (-N~1Y/LN' aLO+ R~L Y/LN~L)' (5) 
a=1 

where e==gSw=g'Cw~l-T~I2>O is the electric charge, 
ql is the electric charge of the fennion f in units of e and 
J/L(EM) is the electromagnetic current. Notice that the Z~ 
current couples only to exotic fields. The left-handed cur­
rents are 

- (alLY)J.d lL - UIL Y/LUlL) 

-± Ce;LY/Le;L-veaLY/Lvead ]
a=! 

(6) 

where T4/=Dg(ll2, -112,0,0) is the third component of the 
weak isospin and T~F"" (lITw)Dg(l,O, -112, -1/2) 

(lITw)(A312+Ag//3+AI5/j6) is a convenient 4X4 di­
agonal matrix, acting both of them on the representation 4 of 
SU(4)L' Notice that JiZ) is just the generalization of the 
neutral current present in the SM. This allows us to identify 
Z/L as the neutral gauge boson of the 8M, which is consistent 
with Eqs. (2) and (3). 

The couplings of the mass eigenstates Zr and zt are 
given by 

055007-4 
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2 
gNC

H =2C 2: z;2: {]Y/L[aiL(f)(l "15)
WI=I 1 

+ aiR(f)( 1+ Y5)}f} 

2 
g 

= 2C 2: zr2: {]Y/L[g(f)iV- g (f) iA Y5l!},
Wi=1 f 

where 

(7) 

and 

(8) 

The values of g iV' g iA with i = 1,2 are listed in Tables I 
and II. 

As we can see, in the limit 8= a the couplings of Zf to 
the ordinary leptons and quarks are the same as in the 8M; 
due to this we can test the new physics beyond the SM pre­
dicted by this particular model. 

V. FERMION MASSES 

The Higgs scalars introduced in Sec. III not only break 
the symmetry in an appropriate way, but produce the follow­
ing mass terms for the fermions of the model. 

A. Quark masses 

For the quark sector we can write the following Yukawa 
terms: 

SU(3)c'g)SU(4h,®U(lh WITHOUT EXOTIC ELECTRIC CHARC 

TABLE 1. The 

f 	 g(/)!V 

(! 4S~v) sin e (
il2.3 cos 0 "2 - 3 + 2 112 1­

(3Cw-I) 

( 1 2S~) 2, 2 ( 2d 2.3 \-2+-- cos 0+3sm OSI~ 3CI13 

2Sw ! 7Siv 22 (~ )D2.3 "3 COS 0- i sin e 1 - 3 1(3CII 

2S2w (~7Sw)1 	 2 
D2.3 "3 cos 0-'2 sin 0 1-3 J(3CII 

d! I 1 2S~) (5S~v) .l-2+-- cosO-sinO 	1-3 /(31
3 

(1 4S~) 4sin 0 
til cosO --- ­

2 3 3(3C~-I)112 

4S~cos 0 11 2 2
U I - +sin O(l-TSw)l[2(3C~ 

4S2 cos 0 u' 1 - w3 	 +sin 0(1 ¥S~)I[2(3C~ 

I 2 sin 0 
e~2.3 cosO(-'2+2Sw)- 2 112(1­

(3Cw-I) 

111.2.3 	 t cos 0 

CwSin 01[2(3Qv- 1)112]N~.2.3 


N;~.3 CwSin 01[2(3C~-1)112] 


£~=~2 Q~LC{ ¢t( ~I h~aU~L+h1Pi.+ ht u~c) 

+ (¢2 + ¢3)[ ~I h!dd~~+ ~2 (hbDD bL+ hb~D~D]) 

+QiLC{ ¢I[~I h~ad~L+ ai2·(h!DD~L+h!~D~D] 

+(¢i + ¢j)( ~I h~aU~L+hhUi.+h~ u~c) }+H.c. 

where the II's are Yukawa couplings and C is the charge 
conjugate operator. This Lagrangian produces the following 
tree level quark masses: 

U; ,D~ and D~ acquire heavy masses of the order of V' 
~v. 

U I ,D2 and D3 acquire heavy masses of the order of V 
~v. 

U3,1I2 and d 1 acquire masses of the order of v 
-174 GeV. 

U! ,d2 and d 3 remain massless at the tree leveL 
l· 
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TABLE 1. The couplings. 

f 

( 
1 4S?V)\ sin f) ( 7 Srv \1 

cos f) -­ - + 1­
\ 2 3 (3Cw-1)112 I 

(-i+ 2~fv) cos f) +~ sin f)S~v'(3C~_1)112 - t cos e 

D 2•3 
2S~ ( 7S~v)- cos f)-} sin f) 1­ - 1(3C2 

W ­ I) 112 
3 • \ 3 

Di.3 2siv ( 7Stv)
-3- cos f)- ~ sin f) 1 - -3- 1(3C~-1)112 

( 
2S~) (5Sfv)- t+ -3­ cos f)-sin f) 1 3 1(3C~-1)112 

( 

I 4S~v) 4 sin f) " 
cos f) '2- 3 - 3(3C~_l}II2Siv t cos e 

4S2 cos f) 
- W 3 +sin e(l-¥S~v)1[2(3C~-1)1I2] 

U; 4S2 cos e 
- w3 +sin8(1-¥S~)/[2(3C~_1)112] 

e l •2.3 

v 1.2.3 
. 0 
N 1•2.3 

N 
,Q 
1.2,3 

t cos e 
CwSin eI[2(3C~v-1)112] 

CwSin eI[2(3C~v-l)ll2] 

±Q~LC{4>i( ±h~aU~L+h~U'£+htu~C)
a=2 \a=1 

+(4)2+4>3{il h~dd~~+ ~2 (hbDD~L+hb~D~D]) 

+QiLC{ <l>lil h~ad~L+ i2·(h!DD~L+h!~D~D] 

+(4)i +4>n( il h~aU~L+hhu~+h~ u~c) }+ H.c. 

where the h's are Yukawa couplings and C is the charge 
conjugate operator. This Lagrangian produces the following 
tree level quark masses: 

U; ,D~ and D; acquire heavy masses of the order of V' 
j;> U. 

UI,D z and D3 acquire heavy masses of the order of V 
j;> U. 

u3,u2 and d l acquire masses of the order of u 
""'174 GeV. 

U I ,d2 and d 3 remain massless at the tree level. 

cos e sin e 2 
--:::------:-::' C 
(3C~v-l)112 W 

t cos 8 

Cfvsin el[2(3ctv-1)1I2] 

C2 sin e1[2(3C2 _1)112]w w. 

The former mass spectrum is far from being realistic, but 
it can be improved by implementing the following program: 

To introduce a discrete symmetry in order to avoid a tree· 
level mass for d I (and maybe for Ll2 too). 

To introduce a new Higgs field 4>4[ 1,4, -114] which does 
not acquire VEV but that introduces a quartic coupling 
4>'1' 4>2 4>3 <1>4 in the Higgs potential in order to generate radia· 
tive masses for the ordinary quarks. 

To rune the Yukawa couplings in order to obtain the cor· 
rect mixing between flavors (ordinary and exotic) with the 
same electric charge. 

B. Lepton masses 

For the charged leptons we have the following Yukawa 
terms: 

3 3 

.c~= 2: 2: h~{3L~LC4>le;L+H.c. (9)
a=1 {3=1 

Notice that for h~/3= h Ga /3 we get a mass only for the heavi· 
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TABLE II. The Z~->lf couplings. 

f g(fhv g(fhA 

7~~V) 

t sin () 

D~.3 

1 • 2 C2 1)1t22" sm () - cos () CW'(3 w­

- hin () 

u; 

cos () 2 
sin () cos ()sintXt-2Srv) 2 It2(1-3Sw) C2 

(3Cw-l) 

- i sin () 

Cwcos (}1[2(3C~-I)It2] 


Gvcos (}1[2(3C~_l)II2] 


est lepton (the T). SO, in the context of this model the masses 
for the charged leptons can be generated in a consistent way, 
with the masses for e- and j.L - suppressed by differences of 
Yukawa couplings. 

.The neutral leptons remain massless as far as we use only 
the original fields introduced in Sec. IT. But as mentioned 
earlier, we may introduce one or more Weyl singlet states 
"l.b' b= 1,2, . .. which may implement the appropriate 
neutrino oscillations (3]. 

VI. CONSTRAINS ON THE (ZIl_Z'Il) MIXING ANGLE 
AND THE Z~ MASS 

To bound sin () and M z we use parameters measured at 
2 

the Z pole from CERN e+e- collider (LEP), SLAC Linear 
Collider (SLC), and atomic parity violation constraints 
which are given in Table m. 

The expression for the partial decay width for Zr-+Il is 

f33NCGFM'i {3 f3 ­
f(Zf-+ll)= .fi I P 2 [g(f)IVJ 2 


67T 2 

+ f33(g(f) IA]2} (1 + 81)REWRQCD, (10) 

055007-6 

2 (3Crv- 1)112 w 
- t sin () 

C~ cos () 1[2(3Ctv-l) It2] 

C~ cos ()1[2(3Crv-1)1t2] 

where I is an ordinary SM fermion, Zr is the physical gauge 
boson observed at LEP, N c= I for leptons while for quarks 
Nc=3(l + a l7T+ 1.405a;/7T2 -12.77a;/7T3

), where the 3 s 

is due to color and the factor in parentheses represents the 
universal part of the QCD corrections for massless quarks 
(for fermion mass effects and further QCD corrections which 
are different for vector and axial-vector partial widths see 
Ref. [7J); R EW are the electro weak corrections which include 
the leading order QED corrections given by RQED= I 
+3al(47T). RQCD are further QCD corrections (for a com­
prehensive review see Ref. (8] and references therein). and 

13= -J1-4m}IM'it is a kinematic factor which can be taken 

equal to 1 for all the SM fermions except for the bottom 
quark. The factor 81 contains the one loop vertex contribu­
tion which is negligible for al\ fermion fields except for the 
bottom quark for which the contribution coming from the top 
quark at the one loop vertex radiative correction is param­
etrized as 8b"'" 1O-2[ -m;/(2M~I)+ 1/5] [9]. The p param­

eter can be expanded as p= I + 8po+ 8pv where the oblique 
correction 8po is given by 8Po=3G Fm;/(87T2 ,fi), and 8pv 
is the tree level contribution due to the (Z jJ. - Z~) mixing 

which can be parametrized as 8Pv=(Mi/M~l -1)sin2
(}. Fi­

SU(3)c"'?;SU(4h0U(lh WITHOUT EXOTIC ELECTRIC CHARI 

TABLE m. Experimental data and SM values for the param­
eters. 

Experimental SM 
results 

[ z(GeV) 2.4952:<:: 0.0023 2.4966:<:: 0.0016 
[(had) (GeV) 1.7444:<:: 0.0020 1.7429:<:: 0.0015 
[(1+[-) (MeV) 83.984:<:: 0.086 84.019:<::0.027 
Re 20.804:<:: 0.050 20.744:<::0.018 
R/i­ 20.785:<::0.033 20.744:<:: 0.018 
RT 20.764:<::0.045 20.790:<:: 0.018 
Rb 0.21664:<::0.00068 0.21569:<::0.00016 
Rc
QW 

0.1729:<:: 0.0032 
-72.65:<::0.28:<:: 0.34 

0.17230:<:: 0.00007 
-73.10:<:: 0.03 

Mz{ (GeV) 91.1872:<::0.0021 91.1870:<::0.0021 

nally, g(j) I V and g(j) IA are the coupling constants of the 
physical Zf field with ordinary fermions which are listed in 
Table I. 

In what follows we are going to use the experimental 
values [10J: M z I 

=91.188 GeV, In t = 174.3 GeV, Cts(mz) 

=0.1192, a(mz) -\ = 127.938, and sin2 Bw=0.2333. The ex­
perimental values are introduced using the definitions R 1} 

f( 1717)/f(hadrons) for 17= e ,j.L, T,b,c. 
As a first result notice from Table I that our model pre­

dicts Re = R jJ. = R TO in agreement with the experimental re­
sults in Table III. 

The effective weak charge in atomic parity violation, Qw, 
can be expressed as a function of the number of protons (2) 
and the number of neutrons (N) in the atomic nucleus in the 
form 

Qw= -2[(2Z+N)CIu+(Z+2N)CldJ. (11) 

where cIq=2g(ehAg(q)IV' The theoretical value for Qw 
for the cesium atom is given by [11] Q w(~;3CS) =-73.09 
:t 0.04+ Ll Qw, where the contribution of new physics is in­
cluded in LlQw which can be written as [12] 

LlQw= [( 1+4 ~tv 2 ) Z-Nj8Pv+ LlQ:V. (12)
1 2S IV • 

The term LlQ:V is model dependent and it can be obtained 
n 
o 

for our model by using g (e) lA and g (q) I V from Table 1. The A
value we obtain is 

LM2 z qLlQ:V= (8.29Z + 16.14N)sin ()+ (11.64Z+ 14.47N)-,I. 
M­

Z2 

(13) 

The discrepancy between the SM and the experimental Ci 

data for LlQw is given by (13] (r 
b! 

LlQw= Qr? - Qftf =:: 1.03:tO.44, (14) IT 

which is 2.3 (J away from the SM predictions. Ie 
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TABLE Ill. Experimental data and SM values for the param­
eters. 

Experimental SM 
results 

r z(GeV) 2.4952::!:: 0.0023 2.4966::!:: 0.0016 
fChad) (GeV) 1.7444::!::0.0020 1.7429::<:0.0015 
r(l+ l-) (MeV) 83.984::<:0.086 84.019::<:0.027 
Re 20.804::!::0.050 20.744::<: 0.018 
Rp. 20.785::<:0.033 20.744::<: 0.018 
RT 20.764::<:0.045 20.790::<: 0.018 

Rb 0.21664::<:0.00068 0.21569::<:0.00016 

Rc 0.1729::<:0.0032 0.17230::<: 0.00007 
QCs

IV 72.65::<: 0.28::<: 0.34 -73.10::<: 0.03 

MZI (GeV) 91.1872::<:0.0021 91.1870::<:0.0021 

nally, g(f) I V and g(f) IA are the coupling constants of the 
physical Zr field with ordinary fermions which are listed in 
Table 1. 

In what follows we are going to use the experimental 
values [10]: MZI 91.188 GeV, tnr= 174.3 GeV, Cts(mz) 

== 0.1192, Ct(mz) -I = 127.938. and sin2 Ow==0.2333. The ex­
perimental values are introduced using the definitions R 7f 

f( 1717)/f(hadrons) for 17== e ,IL. r,b,c. 
As a first result notice from Table I that our model pre­

dicts Re=Rp,=R T • in agreement with the experimental re­
sults in Table ill. 

The effective weak charge in atomic parity violation, Qw, 
can be expressed as a function of the number of protons (Z) 
and the number of neutrons (N) in the atomic nucleus in the 
form 

QIV= 2[(2Z+N)Clu+(Z+2N)cld], (11) 

where cl q =2g(e)IAg(Q)lV' The theoretical value for QIV 
for the cesium atom is given by [11] Qw(~~3Cs) -73.09 
::!: 0.04+ LlQw, where the contribution of new physics is in­
cluded in LlQIV which can be written as [12J 

LlQw=[( 1+4 siv 2)Z-N]OPv+LlQ:V. (12) 
\ 1-2Sw . 

The term LlQ:V is model dependent and it can be obtained 
for our model by using g(e)IA and g(q)IV from Table L The 
value we obtain is 

M2 
I 21

LlQw=(8.29Z+ 16.l4N)sin 0+ (11.64Z+ 14,47N)-.
M2 

Z2 

(13) 

The discrepancy between the SM and the experimental 
data for LlQw is given by [13] 

LlQ w = Qexwp - QSM 103+044w·_·, = (14) 

which is 2.3 cr away from the SM predictions. 

20 
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FIG. 1. Contour plot displaying the allowed region for 0 vs M Z2 

at 95% C.L. 

Introducing the expressions for Z pole observables in Eq. 
(10), with LlQw in terms of new physics in Eq. (12) and 
using experimental data from LEP, SLC and atomic parity 
violation (see Table ill), we do ax2 fit and we find the best 
allowed region in the (0- M Z2) plane at 95% confidence 

level (C.L.). In Fig. 1 we display this region which gives us 
the constraints 

-0.0011~0~0.0019, 2 TeV~Mz2' (15) 

As we can see the mass of the new neutral gauge boson is 

compatible with the bound obtained in p p collisions at the 
Fermilab Tevatron [14]. From our analysis we can also see 
that for 101--.. 0, M Z2 peaks at a finite value larger than 100 

TeV which still copes with the experimental constraints on 
the P parameter. 

VII. CONCLUSIONS 

We have presented an anomaly-free model based on the 
local gauge group SU(3)c0SU(4h0U(1)x. We break the 
gauge symmetry down to SU(3)c0U(l)Q and at the same 
time give masses to the fermion fields in the model in a 
consistent way by using three different Higgs scalars 4>i' i 
=1,2,3 which set two different mass scales: v- V'~v 
= 174 GeV. By using experimental results we bound the 
mixing angle e between the SM neutral current and a new 
one to be -0.0011<e<0.0019 and the lowest bound for 
Mz is 2 TeV~Mz.

2 2 
Our model includes four exotic down type quarks 

Da .D~, a 2,3 of electric charge -113 and two exotic up 
quarks U l'Ui of electric charge 213. The six exotic quarks 
acquire large masses of the order of V= Vi ~ V = 174 GeV 
and are useful in two ways: first they mix with the ordinary 
up and down quarks in the three families with a mixing that 
can be used in order to produce a consistent mass spectrum 
(masses and mixings) for ordinary quarks; second, they can 
be used in order to implement the so-called little Higgs 
mechanism [5]. 

Notice also the consistence of our model in the charged 
lepton sector. Not only it predicts the correct ratios R 7f' 1'/ 
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=e,p.., T in the Z decays, but the model also allows for a 
consistent mass pattern of the particles, which do not include 
leptons with exotic electric charges. 

In the main body of this paper we have analyzed an spe­
cific model based on the 3-4-1 gauge structure. This model is 
just one of a large variety of models based on the same gauge 
structure. A systematic analysis of models without exotic 
electric charges with the same gauge structure is presented in 
the Appendix at the end of the paper. A phenomenological 
analysis for all those model can be done, but we think it is 
not profitable since all of them must produce similar results 
at low energies. 
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APPENDIX 

In what follows we present a systematic analysis of mod­
els without exotic electric charges, based on the local gauge 
structure SU(3 )c@SU(4)1..@U(lh. 

We assume that the electroweak group is SU(4)1.. 
@U(lkJSU(3)1..@U(l)z:::lSU(2)L@U(lh, where the 
gauge structure S U(3h @U(I)z refers to the one presented 
in Ref. [6]. We also assume that the left-handed quarks (color 
triplets), left-handed leptons (color singlets) and scalars, 

D~p. 
w-

p.1 1 
-AaA"=­ K-(b+ 1)12 j(-(b-l)12 y-(b-c)132 p. Ii p. p. D~p. p. 

X-(3+b+2c)/6 X(3-b-2c)/6 y(b-c)13 
p. 

where Df=Ap.IIi+A~/$+Af5Im, D~=-Arlli 
+Ar/$+A)517i1; D~=-2A~/$+Ai5Im, and D: 
= - 3Ai51{ii. The upper indices in the gauge bosons in the 
former expression stand for the electric charge of the corre­
sponding particle, some of them functions of the band c 
parameters as they should be. Notice that if we demand for 
gauge bosons with electric charges O,::!:: 1 only, there are not 
more than four different possibilities for the simultaneous 
values of band c; they are: b=c=l; b=c=-l; b=l,c 
=-2, and b= -I,c=2. 

Now, contrary to the SM where only the Abelian U(1h 
factor is anomalous, in the 3-4-1 theory both, SU(4)1.. and 
U(lh are anomalous [SU(3)c is vectorlike]. So, special 
combinations of muitiplets must be used in each particular 
model in order to cancel the possible anomalies, and obtain 
renorrnalizable models. The triangle anomalies we must 
take care of are: [SU(4)£.1 3 , [SU(3)c]2U(l)x, 
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transform either under the 4 or the 4 fundamental represen­
tations of SU(4 h. Two classes of models will be discussed: 
one family models where the anomalies cancel in each fam­
ily as in the SM, and family models where the anomalies 
cancel by an interplay between the several families. As in the 
SM. SU(3)c is vectorlike. 

The most general expression for the electric charge gen­
erator in S U(4>t..@U(lh is a linear combination of the four 
diagonal generators of the gauge group 

(AI) 

where Til.. ='Ail..12, being 'Ail.. the Gell-Mann matrices for 
SU( 4>t.. normalized as TrO'i'A j) =2 ou, /4= D g(l, 1.1,1) is 
the diagonal 4 X 4 unit matrix, and a, band c are free param­
eters to be fixed next. Notice that we can absorb an eventual 
coefficient for X in its definition. 

If we assume that the usual isospin SU(2)1.. of the SM is 
such that SU(2)l..CSU(4h, then a=l and we have just a 
two-parameter set of models, all of them characterized by the 
values of band c. So, Eq. (AI) allows for an infinite number 
of models in the context of the 3-4-1 theory, each one asso­
ciated to particular values of the parameters band c, with 
characteristic signatures that make them different from each 
other. 

There are a total of 24 gauge bosons in the gauge group 
under consideration, 15 of them associated with SU(4)1.. 
which can be written as 

w+ K(b+ 1)12 X(3+b+2c)16 
p. p. p. 

Dgp. K(b-I)12 
p. 

X(-3+b+2c)16 
p. 

(A2) 

p. p. D~p. 

[SU(4)t..1 2U(lh, [grau]2U(lh and [U(lh]3. 
Now let us see how the charge operator in Eq. (AI) acts 

on the representations 4 and 4" of S U(4) l.. : 

1 bel b c 
Q[4]=Dg (2+"6+ 12+X'-2+"6+ 12+ X ' 

2b c 3c \ 
-+-+x --+xi
6 12 ' 12 J' 

I bel 
Q[4"] Dg( 2-"6-12+X'2 

2b c 3c \ 
12 +X'12 +X) . 

SU(3)c0SU(4)t-0U( Ih WITHOUT EXOTIC ELECTRIC CHARGE 

TABLE IV. Anomalies for 

Anomaly 

[U(lhJ 3 
-9/16 27/16 

[SU(4)d 2U(lh - 114 514 
[SU(4)d 3 

3 -3 

Notice that, if we accommodate the known left-handed quark 
and lepton isodoublets in the two upper components of 4 and 

~ (or ~ and 4), do not allow for electrically charged antipar­
tIcles In the two lower components of the multiplets [anti. 
quarks violate SU(3)c and e+,p..+ and r+ violate lepton 
number at the tree level] and forbid the presence of exotic 
electric charges in the possible models, then the electric 

charge of the third and fourth components in 4 and 4 must be 
equal either to the charge of the first and/or second compo­
nent, which in tum implies that b and c can take only the r 
four sets of values stated above. So, these four sets of val~es 
for band c are necessary and sufficient conditions in order to 
exclude exotic electric charges in the fermion sector too. 

A further analysis also shows that models with b=c 
-1 are equivalent, via charge conjugation, to models with 
b=c= 1. Similar!y, models with b -1, c=2 are equiva­
lent to models with b= 1, c= -2. So, with the constraints 
imposed, we have only two different sets of models; those 
for b=c= 1 and those for b= I, c= -2. 

1. Models for b =c =1 

First .let us define the following complete sets of spin 1/2 
Weyl spmors (complete in the sense that each set contains its 
own charged antiparticles); 

SI={(u,d,D,D')l.. -[3,4,- k], uf -[3,1,-n 
df-[3,I.t], Df-[3,1,t], D~C-[3,Un. 

Si={(d,lt,U, U'h -[3,4, fr], uf-[3,1,-n 
df-[3,1,i]. Uf-[3,I,-t], U£C-[3,1,:"'~]}. 

S~ {(!J~,e-.E-,E'-h-[I,4,-:-~], et-[I,I,I], 

Et-[I,1,I]. E£+ -[I,I,I]}. 

si={(E+ ,N~ .N~,N~)l.. -[1,4,k], EZ -[l,l,-l]). 

S~=={(e- ,!J~ ,No,N'O)l..-[I,4", - n et -[I,I,I]}. 

S61 ={(N, E+ +) [- J , 2,E3 l..- 1,4,:;], Ei"L-[I,I,-I], 

E2L -[1,1,-1]. E31.. -[U,-I]}. 

Due to the fact that each set includes charged particles 
t?gether with their corresponding antiparticles, and 
SInce 2 S U(3)c is vectorlike, the anomalies 
[grav] U(lh, [SU(3)c]3 and [SU(3)c]2U(1h automati-

S, 
pI 
tu 
e 
re, 
SI 
o 
on 
be 

pIe 
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TABLE IV. Anomalies for sets with values b == c == I. 

Anomaly S'[ sg SI 
3 S~ S; S~ 

(U( I )x] 3 -9116 -271l6 21116 -151l6 15/16 21116 
[SU(4h)2U( Ih -1/4 514 -3/4 114 1I4 3/4 

(SU(4h)3 3 -3 I -1 -1 

Notice that, if we accommodate the known left-handed quark 
and lepton isodoublets in the two upper components of 4 and 
4' (or 4' and 4), do not allow for electrically charged antipar­
ticles in the two lower components of the muitiplets [anti­
quarks violate SU(3)c and e+,}L+ and T+ violate lepton 
number at the tree level] and forbid the presence of exotic 
electric charges in the possible models, then the electric 

charge of the third and fourth components in 4 and 4' must be 
equal either to the charge of the first andior second compo­
nent, which in tum implies that b and c can take only the 
four sets of values stated above. So, these four sets of values 
for band c are necessary and sufficient conditions in order to 
exclude exotic electric charges in the fermion sector too. 

A further analysis also shows that models with b = c= 
- 1 are equivalent, via charge conjugation, to models with 
b=c= 1. Similarly, models with b= -I, c=2 are equiva­
lent to models with b = I, c = - 2. So, with the constraints 
imposed, we have only two different sets of models; those 
for b=c= 1 and those for b= 1. c= -2. 

1. Models for b=c= 1 

First let us define the following complete sets of spin 112 
Weyl spinors (complete in the sense that each set contains its 
own charged antiparticles): 

Si={(u.d,D.D'h~[3,4.- iI]. u~-[3,1.-n 

dc [3- 1 ] c [3- 2] ,C [3- l' 2]}L~ ,1,3',UL- ,1,-3',UL~ ,,-3' . 

S~={(v~,e- ,E'-)L-[ 1,4,-;- n e{ -[1,1,1], 

E{-[l,l,l], E~+-[l,l,l]}. 

S~={(N, ,E; ,E;h-[ 1,4',~], E1L-[1,1,-I], 

EZL-[ 1,1, -1], E3L-[ 1,1,-I]}. 

Due to the fact that each set includes charged particles 
together with their corresponding antiparticles, and 
since SU(3) c is vectorlike, the anomalies 
[grav]2U(1)x. [SU(3)cP and [SU(3)cFU(l)x automati­

cally vanish. So, we only have to take care of the remaining 
three anomalies whose values are shown in Table IV. 

Several anomaly free models can be constructed from this 
table. Let us see. 

a. Three family models 

We found two three family structures which are: 
Model A=2Si<BSi<B3S~. (The model analyzed in the 

main text.) 
Model B=Si<B2S~<B3S~. 

b. Two family-models 

We find only one two family structure given by: Model 
C=SI<BS~<BS~<BS~ . 

c. One family models 

A one family model can not be directly extracted from 
Si, i 1,2, ... ,6, but we can check that the following 
particular arrangement is an anomaly free one family struc­
ture: Model D=Si<B(e- ,v~ ,N°,N'°h<B(EI ,N~ ,Ng,N~h 
<B(N~,Et ,e+ ,E;h<BE; . As can be checked. this model 
reduces to the model in Ref. [15] for the breaking chain 
SUe4h® U( 1)x-+SU(3)L® U( l)a® U(I)x-+SU(3h 
® U(l)z, for the value a= 1/12. In an analogous way, other 
one family models with more exotic charged leptons can also 
be constructed. 

2. Models for b "'" I,c = - 2 

As in the previous case, let us define the following com­
plete sets of spin 112 Weyl spinors: 

s~q={(u,d,D,Uh-(3,4,t,], uL-[3,1.- ~], 

d~-[3,I,t], DL-[3,1,t]. UL-[3.1,-t]). 

S~b{(d,u,U,Dh -[3.4,iJ. uL-[3,1,- ~], 

dL-[3,I.t], U~-[3,1.-~], D~-[3.1J]}. 

S~I={(v~.e- ,E- ,NO)L-[ 1,4,- t]. e{ -[1,1.1]. 

E{-[l,l,lJ}. 

S~l {(e-.v~ ,No.E-)L-[1,4, - H e{ -[1.1,1]. 

E{-[l,l.l]). 
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TABLE V. Anomalies for sets with values b= 1, c= -2. 

Anomaly S1 S1 S~ S~ S~ S~ 

[U(lh? 3/2 3/2 3/2 3/2 3/2 -3/2 
[SU(4h]2U(1h 112 112 -1/2 112 112 112 

[SU(4)d 3 3 -3 -1 -I 

S~I={(E+ ,N? ,Ng,e+)L-[ I,4J], EZ -[1,1,-1], 

eL -[I,I,-I]}. 

eZ -[ I,I,-I]}. 

For the fonner sets the anomalies [grav]2 U( I) x' [S U(3 )c]3 
and [SU(3)c]2U(lh vanish. The other anomalies are 
shown in Table V. Again, several anomaly free models can 
be constructed from this table. Let us see. 

a. Three family models 

We found two three family structures which are: 
Model E:=2S~qffiS~qffi3S~I. 
Model F=S;qffi2S~qffi3S~I. 

[I] For an excellent compendium of the SM, see J.E Donoghue, E. 
Golowich, and B. Holstein, Dynamics of the Standard Model 
(Cambridge University Press, Cambridge. England, 1992). 

[2] For discussions and reviews. see R.N. Mohapatra, 	Unification 
and Supersymmetry (Springer, New York, 1986); P. Langacker, 
Phys. Rep. 72, 185 (1981); H.E. Haber and G.L. Kane, ibid. 
117, 75 (1985); M.B. Green, J.H. Schwarz. and E. Witten, 
Superstring Theory (Cambridge University Press, Cambridge, 
1987), Vols. 1 & 2. 

[3] For recent reviews, see J.W.F. Valle, "Neutrino masses twenty­
five years later," hep-phl0307192; V. Barger, D. Marfalia, and 
K. Whishnaut, lnt. 1. Mod. Phys. E 12, 569 (2003). 

[4] M.B. Voloshln, Sov. J. Nuc!. Phys. 48, 512 (1988); 	F. Pisano 
and T.A. Tran, ICfP report IC/93/2PO, in Proc. of The XIV 
Encontro National de Flsica de partfculas e Campos, Cax­
ambu, 1993; V. Pleitez, Report No. IFT-P'O 10/93 , 
hep-phl9302287; R. Foot, H.N. Long, and T.A. Tran, Phys. 
Rev. D 50, R34 (1994); F. Pisano and V. Pleitez, ibid. 51, 3865 
(1995); 1. Cotaescu, lnt. J. Mod. Phys. A 12, 1483 (1997). 

[5] O.C.W. Kong, hep-phl0307250, NCU-HEP-K009; 
hep-phl0308148. 

[6J M. Singer, J.w.F. Valle, and J. Schechter, Phys. Rev. D 22. 738 

b. Two family models 

We find again only one two family structure given by: 
Model G=S;qffiS~qffiS~lffiS~I. 

c. One family models 

Two one family models can be constructed using S; , i 
1, ... ,6. They are: 

Model H=S~qffi2S3IffiS;I. 

Model I:=S;qffi2S~lffiS~I. 

To conclude this appendix let-us mention that for the val­
ues of the parameters band c used in our analysis, many 
more anomaly-free models can be constructed, all of them 
featuring the SM phenomenology at energies below 100 
GeV. Model A, discussed in the main text, is just one 
example. 
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1 Introduction 

The standard model (SM), based on the local gauge group 
SU(3)c ® SU(2)L 0 U(1)y [1], can be extended in several 
different ways: first, by adding new fermion fields (adding 
a right-handed neutrino field constitutes its simplest ex­
tension and has profound consequences, as the implemen­
tation of the see-saw mechanism, and the enlarging of the 
possible number of local abelian symmetries that can be 
gauged simultaneously); second, by augmenting the scalar 
sector to more than one Higgs representation, and, third, 
by enlarging the local gauge group. In this last direction € 

SU(4)L ® U(1)x as a flavor group has been considered be­
fore in the literature [2-4] which, among its best features, r 
provides us with an alternative to the problem of the num­ a 
ber Nf of families, in the sense that anomaly cancellation is c 
achieved when Nf = Nc 3, Nc being the number of col­ f 
ors of SU(3)c (also known as QeD). Moreover, this gauge t 
structure has been used recently in order to implement the t 
so-called little Higgs mechanism [4J. e 

The analysis of the local gauge structure SU(3)c ® a 
SU(4)L ® U(1)x (hereafter the 3-4-1 group) presented in II 
the appendix of [3J shows that we may write the most f, 
general electric charge operator for this group as il 

b 
iQ (1) 
v 
c 

where a, band c are free parameters, TiL = AiL/2, with 
AiL the Gell-Mann matrices for SU(4)L normalized as v 
Tr(AiAj) = 20;j, and 14 = Dg(1, 1, 1, 1) is the diagonal \' 
4 x 4 unit matrix. The X values are fIxed by anomaly s 
cancellation of the fermion content in the possible mod- s 
els and an eventual coefficient for X 14 can be absorbed n 
in the X hypercharge definition. The free parameters a, b n 
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Abstract. An extension of the standard model to the local gauge group SU(3)c ® SU(4)L ® U(l)x as 
a three-family model is presented. The model does not contain exotic electric charges and we obtain a 
consistent mass spectrum by introducing an anomaly-free discrete Zz symmetry. The neutral currents 
coupled to all neutral vector bosons in the model are studied. By using experimental results from the 
CERN SLAC Linear Collider and atomic parity violation data we constrain the mixing angle between 
two of the neutral currents in the model and the mass of the additional neutral gauge bosans to be 
-0.0032::; sinO::; 0.0031 and O.67TeV::; MZ2 ::; 6.1 TeV at 95% C.L., respectively. 

1 Introduction 

The standard model (SM), based on the local gauge group 
SU(3)c ® SU(2k ® U(l)y [1], can be extended in several 
different ways: first, by adding new fermion fields (adding 
a right-handed neutrino field constitutes its simplest ex­
tension and has profound consequences, as the implemen­
tation of the see-saw mechanism, and the enlarging of the 
possible number of local abelian symmetries that can be 
gauged simultaneously); second, by augmenting the scalar 
sector to more than one Higgs representation, and, third, 
by enlarging the local gauge group. In this last direction 
SU(4k ® U(I)x as a flavor group has been considered be­
fore in the literature [2-4] which, among its best features, 
provides us with an alternative to the problem of the num­
ber Nf of families, in the sense that anomaly cancellation is 
achieved when N f Nc 3, Nc being the number of col­
ors of SU(3)c (also known as QeD). Moreover, this gauge 
structure has been used recently in order to implement the 
so-called little mechanism [4]. 

The analysis of the local gauge structure SU(3)c ® 
SU(4)L ® U(l)x (hereafter the 3-4-1 group) presented ill 
the appendix of [3] shows that we may write the most 
general electric charge operator for this group as 

(1)Q 

where a, band c are free parameters, TiL = AiL/2, with 
AiL the Gell-Mann matrices for SU(4k normalized as 
Tr(AiAj) 2oij , and h Dg(l, 1, 1, 1) is the diagonal 
4 x 4 unit matrix. The X values are fixed by anomaly 
cancellation of the fermion content in the possible mod­
els and an eventual coefficient for X 14 can be absorbed 
in the X hypercharge definition. The free parameters a, b 

and c fix the gauge boson structure of the electroweak sec­
tor [SU(4)L 0 U(l )x], and also the electroweak charges of 
the scalar representations which are fully determined by 
the symmetry breaking pattern implemented. In particu­
lar a 1 gives the usual isospin of the known electroweak 
interactions, with band c remaining as free parameters, 
producing an infinite plethora of possible models. 

Restricting the particle content of the model to par­
ticles without exotic electric charges and by paying due 
attention to anomaly cancellation, a few different models 
are generated [3]. In particular, the restriction to ordinary 
electric charges, in the fermion, scalar and gauge boson 
sectors, allows only for two different cases for the simulta­
neous values of the parameters band c, namely: b c = 1 
and b 1, c = -2, which become a convenient classifi­
cation scheme for these types of models. Models in the 
first class differ from those in the second one not only in 
their fermion content but also in their gauge and scalar 
boson sectors. Four of the identified models without exotic 
electric charges are three-family models in the sense that 
anomalies cancel among the three families of quarks and 
leptons in a non-trivial fashion. Two of them are models 
for which b = c = 1, and one of them has been analyzed 
in [3]. The other two models belong to the class for which 
b 1, c -2 and one of them, the so-called "Model E" 
in the appendix of [3], will be studied in this paper. It is 
worth noticing that in the four different models at least 
one of the three families is treated differently. 

This paper is organized as follows. In the next section 
we describe the fermion content of the particular model 
we are going to study. In Sect. 3 we introduce the scalar 
sector. In Sect. 4 we study the gauge boson sector, paying 
special attention to the neutral currents present in the 
model and their mixing. In Sect. 5 we analyze the fermion 
mass spectrum. In Sect. 6 we use experimental results in 
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Table 1. Anomaly-free fermion structure of Model E from [3] 

QIL diL uh UfL DiL(f), 
[3,4", ii] [3*, 1,~] [3*,1, [3*, 1, [3" 1 ! 1~] ~l ' '3 

QjL ujL djL DjL UjLC);, , 
[3,4, ~l [3*,I,-~] [3*,1, ~l (3·,1,~1 (3*, 1, -~l 

Lo.L etL .E::L(~)
E" L 

(1,4*,-~] [1,1,1] [1,1,1] 

order to constrain the mbdng angle between two of the 
neutral currents in the model and the mass scale of the 
new neutral gauge bosons. In the last section we summarize 
the model and state our conclusions. 

2 The fermion content of the model 

In what follows we assume that the electroweak gauge group 
is SU(4)L ® U(I)x which contains SU(2)L ® U(l)y as a 
subgroup. We will consider the case of a non-universal hy­
percharge X in the quark sector, which implies anomaly 
cancellation among the three families in a non-trivial fash­
ion. 

Here we are interested in studying the phenomenology 
of three-family models without exotic electric charges and 
"{ith values b = 1, c = -2 for the parameters in the electric 
charge generator in (1). As an example we take Model E 
of [3] for which the electric charge operator is given by 
Q = T3L + TSL/v'3 - 2TI5L/v'6 + XI4 • This model has 
the anomaly-free fermion structure as given in Table l. 
where j = 2,3 and a = 1,2,3 are two- and three-family 
indexes, respectively. The numbers in parentheses refer to 
the [SU(3)c, SU(4)L, U(I)xl quantum numbers, respec­
tively. Notice that, if needed, the lepton structure of the 
model can be augmented with an undetermined number of 
neutral Weyl singlet states N~,n rv [1,1,0], n = 1,2, ... , 
without violating our assumptions, neither the anomaly 
constraint relations, because singlets with no X charges 
are as good as not being present as far as anomaly cancel­
lation is concerned. 

3 The sca lar sector 

Our aim is to break the symmetry, following the pattern 

--t SU(3)c ® SU(3)L ® U(I)x 

--t SU(3)c ® SU(2)L ® U(I)y 

--t SU(3)c ® U(I)Q, 

where SU(3)c ® SU(3)L ® U(I)x refers to the so-called 3­
3-1 structure introduced in [5]. At the same time we want 
to give masses to the fermion fields in the model. With 
this in mind we introduce the following four Higgs scalars: 
<pdI, 4*, -1/2] with a vacuum expectation value (VEV) 
aligned in the direction (<PI) = (0, v, 0, O)T; <P2[I, 4*, -1/2] 
with a VEV aligned as (<Pz) (0,0, V, O)Tj <P3[I,4, -1/2] 
with a VEV aligned in the direction (<P3) = (v', 0, 0, O)T, 
and <P4[1,4, -1/2] with a VEV aligned as (<P4) (0,0,0, 
V')T, with the hierarchy V"", V' » vv2 + V'2 ~ 174GeV 
(the electroweak breaking scale). 

4 The gauge boson sector 

In the model there are a total of 24 gauge bosons: One 
gauge field BP. associated with U(I)x, the 8 gluon fields 
associated with SU(3)c which remain massless after break­
ing the symmetry, and another 15 gauge fields associated 
with SU(4)L which, for b = 1 and c = -2, can be written 
as 	

(:ip.~:: ~:; ::)1 1_.-\ AP. -	 2 
2 Q 	 Q - ~-p. R°p. D~ y-p. , 

X°p. X+p. y+p. D~ 

where Dr A~ / v'2+A~ / v'6+Ai5/v12, D~ = - A~ / v'2+ 
A~/v'6+Ar5/v12, D~ -2A~/v'6+Ar5/v'i2, andD~ = 
-3Af5/v12· 

After breaking the symmetry with (<PI) + (<P2) + (<P3) + 
(<P4) and using for the covariant derivative for 4-plets iDP. = 
i8P.-g.-\QA~/2-g'XBP., where 9 andg' are the SU(4)L and 
U(I)x gauge coupling constants respectively, we get the 
following mass terms for the charged gauge bosons: M~± = 
g2(v2 + V'2 )/2, Mk± g2(V'2 + V 2)/2, Mi± = g2(v2 + 
V'2)/2, M~± = g2(V2+V'2)/2, M'kO(KO) = g2(V2+V2)/2, 
and Mio(.xo) g2(V'2 + V'2)/2. Since W± does not mix 

with the other charged bosons we have that vv2 + V'2 ~ 
174 GeV as mentioned in the previous section. 

For the four neutral gauge bosons we get mass terms 
of the form 

M = 	 g2 {V2 (9IBP. _ 2A~ + Ai5)2 

2 9 v'3 v'6 


V '2 (9IBP. 3Ai5)2+ -g- + v'6 

2 (9IBP.+v 	 - ­
9 
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!:v! is a 4 x 4 matrix with a zero eigenvalue corresponding 
to the photon. Once the photon field has been identified, 
there remains a 3 x 3 mass matrix for three neutral gauge 
bosons, Zp., Z' p. and Z"p.. Since we are interested now 
in the low energy phenomenology of our model, we can 
choose V V' in order to simplify matters. Also, the 
mixing between the three neutral gauge bosons can be 
further simplified by choosing v' v. For this particular 
case the field ZIIP. 2A~/v'6+A't5/v'3 decouples from the 
other two and acquires a squared mass (g2/2)(V2 + v2). 
By diagonalizing the remaining 2 x 2 mass matrix we get 
two other physical neutral gauge bosons, which are defined 
through the mixing angle () between Zp., Z~: +X~ 

zf 	 Zp. cos () + Z~ sin () , +h.c. 
Z~ = -Zp.sin()+Z~cos(), 

where 	 4.2 N 

tan(2()) = S?v..;c:;w (2)'
(1 + Stv)2 + ~CW - 2 Ther 

associ 
Sw gl/ J2g12 + g2 and Cw are the sine and cosine of 
the electroweak mixing angle, respectively, and C2W = 
Car S?v. 

The photon field AP. and the fields Zp. and Z~ are 
given by 

are 

AP. SwA~ Jp.(E 
Tw ( p.+Cw [ v'3 A8 2 -

3Zp. = CwA~ 

-S 	 [Tw (AP. - 2 A't5) + (1 _ T,z )1/2BP.]Wv'3812 w , 

ZIP. = ~(1 -T~)1/2 (A~ - 2-;;) TwBP.. (3) 

We can also identify the Y hypercharge associated with 
the SM abelian gauge boson as =L 

j 
(4) 

Jp.(Z 

Jp.(Z 

Jp.(Z4.1 Charged currents 
3 

The Hamiltonian for the charged currents in the model is = 2: 
given by a= 

-; 

H ee = JL
12 

x { w,; [(t,uaddaL) -ulddlL- (t,V,aL1"e~L)] +. 

+ 

where 
chargE+K;; [(t, iiaL1"DaL) -UlddlL- (t,N2L1"e;0] 
e, and 
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Af is a 4 x 4 matrix with a zero eigenvalue corresponding 
to the photon. Once the photon field has been identified, 
there remains a 3 x 3 mass matrix for three neutral gauge 
bosons, ZJ1., Z' J1. and Z" J1.. Since we are interested now 
in the low energy phenomenology of our model, we can 
choose V V' in order to simplify matters. Also, the 
mixing between the three neutral gauge bosons can be 
further simplified by choosing v' = v. For this particular 
case the field ZIIJ1. 2A~ /.;6+ Ais/v'3 decouples from the 
other two and acquires a squared mass (g2/2)(V2 + v2). 
By diagonalizing the remaining 2 x 2 mass matrix we get 
two other physical neutral gauge bosons, which are defined 
through the mixing angle 0 between ZJ1.' Z~: 

Zr ZJ1. cosO + Z~sinO, 

Z~ = -ZJ1.sinO+Z~cosO, 

where 

tan(20) = 
2

8?-vv'C2W (2)
C4(1 + 8 2 )2 + V - 2w 1jll w 

8w = g' / V2g,2 + g2 and Cw are the sine and cosine of 
the electroweak mixing angle, respectively, and C2W 

C?-V - S2w· 
The photon field AJ1. and the fields ZJ1. and Z~ are 

given by 

A/L = SwA~ 

+C [Tw (AJ1. _ 2Ais) + (1 _ r,2 )1/2 BJ1.]Wv'3 8 V2 W , 

ZJ1. =CwA~ 

-8 [Tw (AJ1. _ 2Ais) + (1- T,2 )1/2 BJ1.]wv'3 8 V2 W , 

Z'J1. = ~(1 - Tar )1/2 (A~ - 2 Ais) TwBJ1.. (3) 
v'3 V2 

We can also identify the Y hypercharge associated with 
the SM abelian gauge boson as 

4.1 Charged currents 

The Hamiltonian for the charged currents in the model is 
given by 

H CC = JL
V2 

x { W: [(t, fi.L~"d.L) -fi,dd'L- (t, V'.de~L)1 

+K,; [(t,u.dD.L) -U'L ~"d'L- (t,R2L~"e~01 

+x: [(t,U.dd.L) -u,dD'L-(t,v,.dE~L)1 

+y: [(t, U.L~"DoL) -U'L~"D'L- (t,R2Li'E';-L)] 

+K2 [(t,i£.dD.L) -U'dUIL-(~R2dV'.L)1 
+~ [(t, fi.dU.L) -D,dd'L-(t, E';-de';-L)]} 

+h.c. 

4.2 Neutral currents 

The neutral currents JJ1.(EM), JJ1.(Z), JJ1.(Z'), and JJ1.(Z") 
associated with the Hamiltonian 

eAJ1.JJ1.(EM) + (g/Cw )ZJ1. JJ1.(Z) 

+(g')Z'J1.JJ1.(Z') + (g/(2V2»Z"J1.JJ1.(Z"), 

are 

JJ1.(EM) 

= ~ [t(Ua"tJ1.ua + Ua"tJ1. Ua) + UnJ1.Ul + unJ1.U1] 
3=2 

- ~ [t(da"tJ1.da + Da"tJ1.Da) + dn/Ld1 + DnJ1.D1] 
;=2 

3 

- L e;;"tJ1.e;; 
a=l a=1 

LQff"tJ1.f, 
f 

JJ1.(Z) = JJ1.,d Z ) - S~VJJ1.{EM), 


JJ1.(Z') JJ1.,L(Z') TwJJ1.(EM), 

JJ1.(ZII) 


3 

= L(UaL"tJ1.UaL + daL"tJ1.daL - DaL"t/LDaL - UaL"tJ1.UaL) 
a=2 

-dlL"tJ1. d1L - U1L"tJ1.U1L + UlL"tJ1.UlL +DlL"tJ1.D1L 
3 

+ L (-e~L"tJ1.e~L - VeaL "t/LVeaL 

-0 0 ­
+NaL"tJ1.NaL + E;;L"tJ1.E::d, (5) 

where e g8w g'Cw Vl - Tar > 0 is the electric 
charge, qf is the electric charge of the fermion f in units of 
e, and JJ1.(EM) is the electromagnetic current. Note from 

http:Da"tJ1.Da
http:t(da"tJ1.da
http:Ua"tJ1.Ua
http:t(Ua"tJ1.ua
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JJ.L(Z") that, notwithstanding the extra neutral gauge bo­ The couplings of the mass eigenstates Zr and Z~ are 
son, Z~ does not mix with ZJ.L or Z~ (for the particular case given by 
V = V' and v = v'); it still couples to ordinary fermions. 2 

The left-handed currents are H NC = 2~ L Zr L {J,J.L [aid!)(1 -,5) 
w i=l J 

+aiR(f)(1 + 15)] f}
J.,",Z) ~ ~ [t,("OL"."oL - doL".doL) 

2 

= 2~ L Zr L {J,J.L [g(f)iV - g(f)iAI5] f} ,
-(dlLlJ.LdlL - UILlJ.Luld W i=l J 

where 
- ~(e~LlJ.Le~L - DeaLIJ.LVead] 

aId!) = cosB(T4J - qJS~) 

= LT4JiL'J.Lh, g' sin BCw (T' T)+ 4J - qJ w ,J 9 

am(f) = -qJSw (cos BSw + g' s~n B) ,J.,dZ') ~ (2Tw)-' {t, [TM"oL"."oL - doL".doLl 
a2L(f) = -sinB(T4J - qJS~) 

-DaLIJ.LDaL + UaLIJ.LUaL] 
g' cos ()Cw (T'2 - T)+ 4J - qJ w ,-Tw(dlLlJ.LdlL - UILlJ.Luld 9 

+UlLIJ.LUIL - DIL IJ.LDIL g' COS()) 
(7)a2R(f) = qJSw ( sin()Sw - -g- ,

3 

+ L [-T-a,(e~LlJ.Le~L - DaLIJ.LVaL) 
and

a=l 

g(fhv = COS()(T4J - 2S~qJ)+N~LIJ.LN~L - E-;LIJ.LE-;L] } ,g' sin ()
+--(T4JCw - 2qJSw) , 

9 

= LT~JiL'J.Lh, (6) 


g(fhv = - sin ()(T4J - 2S~qJ)
J 

g' cos (), ' 
+--(T4JCW - 2qJSw) , 

where T4J = Dg(1/2, -1/2,0,0) is the third component of 9 

the weak isospin and T~J = (1/2Tw)Dg(T-a" -T-a" -1, 1) g' sin () ,
g(fhA = cos()T4J + --T4JCW , 

= TWA3/2 + (1/Tw)(A8/(2V3) - A15/V6) is a convenient 9 
4 x 4 diagonal matrix, acting both of them on the rep­ g' cos () , 
resentation 4 of SU(4)L. Notice that JJ.L(Z) is just the g(fhA = -sin()T4J + --T4JCW' (8)

9generalization of the neutral current present in the SM. 

This allows us to identify ZJ.L as the neutral gauge boson The values of giV, giA with i = 1,2 are listed in Tables 2 

of the SM, which is consistent with (3) and (4). and 3. 


Table 2. The Zr ----+ f f couplings 

f 
() 1 4Siv) 5sin9 52

U1,2,3 cos ( 2 - 3 - 6(C2W)1/2 W 

1 + 2Siv) () sin 9 52 
( -2 3 COS +6(C2W)1/2 w 

2siv () + sin 9 (7Siv 1)-3- COS 2(C2W)1/2 -3-­

4siv () sin 9 ( llsiv 1)--3- COS - 2(C2W)1/2 -3-­

() ( 1 + 252 ) + 5 sin 9 52cos -2 W 2(C2W)1/2 W 

1 COS(} + sin9 52Vl,2,3 2 2(C2W)1/2 W 

sin 9 C2
2(C2W)1/2 W 

E­1,2,3 25~cos(}+ (C;~~1/2 (2- ~C~) 

,-, 
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Table 3. The Z~ -+ !J 

f g(j)2v 

. () ( 1 4Siv ) 5 cos 9 52 
U1,2,3 - sm 2 - 3 - 6(C2W)1/2 VI 

( 1~) • () cos9 52d 1,2,3 2 - 3 sm + 6(C2W)1/2 W 

D 1 ,2,3 _2S~ sin(J+ cos9 (7S~_13 2(C2w)1/2 3 
4Siv . (J cos9 (llS~ 1~U1,2,3 -3- sm - 2(C2w)1/2 -3- - ) 

- . () ( 1 252) + 5 cos 9 52 e 1,2,3 sm '2 - W 2(C2W)1/2 W 

1 • () cos 9 52 
V1,2,3 - '2 sm + 2(C2W)1/2 W 

N0 cos 9 C2
1,2,3 2(C2W)1/2 W 

E- 252 . () cos9 (2 5C2 ' 1,2,3 - W sm + (C2W)1/2 - '2 w, 

As we can see, in the limit () = 0 the couplings of Zr The 1 
to the ordinary leptons and quarks are the same as in the, in th 
SM; due to this we can test the new physics beyond the D2 ,1 
SM predicted by this particular model. of the 

5 Fermion masses 

The Higgs scalars introduced in Sect. 3 break the sym­ wher, 
metry in an appropriate way. Now, in order to generate 
both a simple mass splitting between ordinary and exotic 
fermions and a consistent mass spectrum, we introduce an 
anomaly-free discrete Z2 symmetry [6], with the following 
assignments of Z2 charge q: 

q(QaL, U~L' d~L' LaL, e~L' (PI, ¢3) = 0, 

q(U~L' D~L' E~L' ¢2, ¢4) = 1. (9) 

Notice that ordinary fermions are not affected by this dis­ and 
crete symmetry. 

The gauge invariance and the Z2 symmetry allow for 
the following Yukawa lagrangians. 
(1) For quarks: 

wherl 

+QTLc {¢i t, hfau~L + ¢; t, hfau~L 
For j 

+ ¢3 t, htad~L + ¢4 t, hfaD~L } + h.c., sis (E 
mass 

where the h's are Yukawa couplings and C is the charge 
conjugate operator. 
(2) For charged leptons: 

3 3 wher, 
£~ = L L L;'LC {¢3h~{3eSL + ¢4h';{3ESL} + h.c. 

a=l{3=l 

http:LT~JiL'J.Lh
http:LT4JiL'J.Lh
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Table 3. The Z~ ---+ Jf couplings 

f g(jhv g(jhA 

. 0 ( 1 4S&, ) 5 cos 0 82 1 . 0 + coso 8 2 
111,2,3 	 - sm 2 - 3 - 6(C2W)'/2 w -2 sm 2(C2W)'/2 w 

( 1 2S&'). 0 + cos 0 8 2 1 . 0 cos 0 8 2d1,2,3 2 - -3- sm 6(C2W)'/2 w 2 sm - 2(C2W)'/2 W 

- 2S&, . 0 + cos 0 Csir - 1) coso C2D 1,2,3 3 sm 2(C2W)'/2 3 2(C2W)'/2 W 

4S&, . 0 _ cos 0 (llS&, _ coso C21)U1 ,2,3 3 sm 2(C2W)'/2 3 2(C2W)'/2 W 

. 0 e 282 ) + 5 cos 0 8 2 sin £} cos 0 82 
e1,2,3 sm 2 - w 2(C2w)'/2 W -2- - 2(C2W)'/2 W 

1 . 0 + cosO 8 2 1 • 0 + cosO 8 2 
1/1,2,3 	 -2 8m -2 sm2(C2W)'/2 w 	 2(C2W)'/2 w 

coso C2 coso C2N°1,2,3 2(C2W )'/2 W 2(C2W )'/2 W 

E- 282 . 0 + coso coso C2(2 - ~C&,)1,2,3 - W sm (C2W)'/2 	 2(C2W)'/2 W 

As we can see, in the limit e= 0 the couplings of Zi The lagrangian.c~ produces for up- and down-type quarks, 
to the ordinary leptons and quarks are the same as in the in the basis (Ul' U2, U3, U1 , U2, U3) and (d1 , d2, d3, D1 , 

SM; due to this we can test the new physics beyond the D 2 , D 3 ) respectively, 6 x 6 block diagonal mass matrices 
SM predicted by this particular model. of the form 

M _ (MU (3X3) a )uU -	 ,
5 Fermion masses 	 o M U (3X3) 

The Higgs scalars introduced in Sect.3 break the sym­ where 
metry in an appropriate way. Now, in order to generate 
both a simple mass splitting between ordinary and exotic 
fermions and a consistent mass spectrum, we introduce an 
anomaly-free discrete Z2 symmetry [6], with the following 
assignments of Z2 charge q: 

q(QaL,U~L,d~L,LaL,e~L,tPl,tP3) = 0, 

q(U~L' D~L' E~L' tP2, tP4) = 1. (9) 

Notice that ordinary fermions are not affected by this dis­ and; crete symmetry. f: 
The gauge invariance and the Z2 symmetry allow for 

MdD = 	 (Md(3X3) 0 ),the following Yukawa lagrangians. o M D (3X3)(1) For quarks: 

where 

Md = (~~~~; ~~~~ ~~~~) , 
ht3V' M3V h~3V 

hRV' hgV h£V) 
MD = hi1V' h~V h£V .

(+QiLc {tPr t, hfQu~L + tP; t, hfQu~L 	 hBv' h~V h£V 

For the 	charged leptons the lagrangian .c~, in the ba­
+ tP3 t, htQd~L + tP4 t, hPQD~L } + h.c., sis (eI,e2,e3,EI,E2,E3), also produces a block diagonal 

mass matrix 

where the h's are Yukawa couplings and C is the charge 

conjugate operator. eE - ,
M -	(Me(3X3) a ) 
(2) For charged leptons: 	 a M E (3X3) 

3 3 where the entries in the submatrices are given by 
.c~ = L L L;'LC { tP3 h':,{3etL + tP4h~{3EtL} + h.c. 

Q=l{3=l 
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The former mass matrices exhibit the mass splitting 
between ordinary and exotic charged fermions and show 
that all the charged fermions in the model acquire masses at 
the tree level. Clearly, by a judicious tuning of the Yukawa 
couplings and of the mass scales v and Vi, a consistent mass 
spectrum in the ordinary charged sector can be obtained. In 
the exotic charged sector all the particles acquire masses 
at the scale V '" Vi » 174 GeV. Note that in the low 
energy limit our model corresponds to a Type III two Higgs 
doublet model [7J in which both doublets couple to the 
same type of fermions, with the quark and lepton couplings 
treated asymmetrically. 

The neutral leptons remain massless as far as we use only 
the original fields introduced in Sect. 2. But as mentioned 
earlier, we may introduce one or more \Veyl singlet states 
N~,b' b = 1,2, ... , which may implement the appropriate 
neutrino oscillations [8]. 

6 Constraints on the (ZIL_Z'IL) mixing angle 
and the Z!t mass 

To bound sin () and we use parameters measured at 
the Z pole from CERN collider (LEP), SLAC Linear 
Collider (SLC), and atomic parity violation constraints 
which are given in Table 4. 

_The expression for the partial decay width for Zi -+ 
ff is 

r(Zi -+ f J) 
3


NCGFM! { 313 13 2 3 2}
= 61tV2 1 P 2 [g(fhv] + 13 [g(fhA] 

x(l + 8f )REWliQCD, 	 (10) 

where f is an ordinary 8M fermion, zt is the physical 
gauge boson observed at LEP, Nc = 1 for leptons while 
for quarks Nc 3(1 + a s/1t + 1.405a;/1t2 - 12.77a~/1t3), 
where the 3 is due to color and the factor in parenthe­
ses represents the universal part of the QCD corrections 
for massless quarks (for fermion mass effects and further 
QCD corrections which are different for vector and axial­
vector partial widths, see [9]); REW is for the electroweak 

Table 4. Experimental data and 8M values for the parameters 

results 8M 

rz (GeV) 2.4966 ± 0.0016 
r(had) (GeV) 1.7444 ± 0.0020 1.7429 ± 0.0015 
r(l+r) (MeV) 83.984 ± 0.086 84.019 ± 0.027 

Re 20.804 0.050 20.744 ± 0.D18 

Ril 20.785 0.033 20.744 ± 0.018 
R,. 20.764 ± 0.045 20.790 ± 0.018 

Rb 0.21664 ± 0.00068 0.21569 0.000]6 

Rc 0.1729 ± 0.0032 0.17230 0.00007 

Q~ -72.65 0.28 ± 0.34 -73.10 ± 0.03 

91.1872 ± 0.0021 91.1870 ± 0.0021 

corrections which include the leading order QED correc­
tions given by RQED = 1 + 3a/(41t). RQCD denotes further 
QeD corrections (for a comprehensive review, see [10] and 

references therein), and 13 = J1 - 4ml/M~1 is a kine­

matic factor which can be taken equal to 1 for all the 
SM fermions except for the bottom quark. The factor 8f 
contains the one loop vertex contribution which is negli­
gible for all fermion fields except for the bottom quark, 
for which the contribution coming from the top quark at 
the one loop vertex radiative correction is parametrized as 
8b ~ 10-2 [-mU(21vf~1) + 1/5] [11]. The p parameter can 
be expanded as p 1 + opo + opv where the oblique correc­
tion opo is given by oPo ~ 3GF mU(81t2 V2), and opv is the 
tree level contribution due to the (Zj.L-Z~) mixing which 
can be parametrized as opv ~ (M~2/1\,f~1 1) sin2 e. Fi­
nally, g(fhv and g(fhA are the coupling constants of the 
physical Zi field with ordinary fermions which are listed 
in Table 2. 

In what follows we are going to use the experimental 
values [12] MZl 91.188GeV,mt = 174.3GeV,as (mz) = 
0.1192, a(mz)-l 127.938, and sin2 ew = 0.2333. The 
experimental values are introduced using the definitions 
R'Ij == r(1717)/F(hadrons) for 1] = e,j}"T,b,c. 

As a first result notice from Table 2, that our model pre­
dicts Re = Rj.L R,., in agreement with the experimental 
results in Table 4. 

The effective weak charge in atomic parity violation, 
Qw, can be expressed as a function of the number of protons 
(Z) and the number of neutrons (N) in the atomic nucleus 
in the form 

Qw = 	-2 [(2Z + N)Cl u + (Z +2N)Cld] , (11) 

where Clq = 2g(ehAg(qhv- The theoretical value for Qw 
for the cesium atom is given by [13] Qwa~3Cs) -73.09± 
0.04 + L1Qw, where the contribution of new physics is 
included in L1Qw, which can be written as [14] 

L1Qw= [(1+41 S~{v)Z-N]OPv+L1Q~. (12) 

The term L1Q~v is model dependent and it can be obtained 
for our model by using g(e)iA and g(q)Wl i 1,2, from 
Tables 2 and 3. The value we obtain is 

L1Q~ (3.75Z + 2.56N) sin e 
M2 

+(1.22Z + 0.41N) M;l . (13) 
Z2 

The discrepancy between the SM and the experimental 
data for L1Qw is given by [15] 

L1Qw Q';JJP Q~ = 1.03 ± 0.44, (14) 

which is 2.3 a away from the 8M predictions. 
Introducing the expressions for Z pole observables in 

(10), with L1Qw in terms of new physics in (12) and using 
experimental data from LEP, SLC and atomic parity vi­
olation (see Table 4), we do a X2 fit and we find the best 
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1. 	 F 
E

allowed region in the (8-Mz2) plane at 95% confidence, (I
level (C.L.). In Fig. 1 we display this region, which gives 2.1-. 
us the constraints P 

o 
-0.0032::; e ::; 0.0031, 0.67TeV M Z2 ::; 6.1 TeV. e 

(15) p 
As we can see, the mass of the new neutral gauge boson p 
is compatible with the bound obtained in pj5 collisions at Ii 
the Fermilab Tevatron [16]. 1 

3. 	 V 
6 

4. 	 [7 Conclusions C 
P

\Ve have presented an anomaly-free model based on the 5. V 
local gauge group SU(3)c 0 SU(4)L 0 U(l)x, which does .A 
not contain exotic electric charges. This last constraint S 
fixes the values b = 1 and C = -2 for the parameters in v 
the electric charge generator in (1). C: 

We break the gauge symmetry down to SU(3)c0U(1)Q C 
in an appropriate way by using four different Higgs scalars p 

6. 	 L¢i, i 1,2,3,4, which set two different mass scales: V"" 
vv2 + V /2 	 LV' » ~ 174GeV, with v '" Vi. By introducing 

7. 	 Van anomaly-free discrete Z2 symmetry we also obtain a 
IIsimple mass splitting between exotic and ordinary fermions, 

and a consistent mass spectrum both in the quark and in the rv 
8. 	 F

lepton sector. Notice also the consistence of our model in the t,
charged lepton sector where it predicts the correct ratios f< 
R1)' 1] e, IL, T, in the Z decays. This is a characteristic 9. ~ 
feature of the two classes of threc-family models introduced 10. .A 
in [3]. 11. J 

By using experimental results we obtain a lowest bound 3 
of 0.67TeV ::; MZ2 for the mass of an extra neutral gauge 12. P 

boson Z2, and we find the bound of the mixing angle e o 
13. Vbetween the SM neutral current and the Z2 one to be 

1-0.0032 < e< 0.0031. 
14. LWhen we compare the numerical results presented in 15. Ii

the previuos section with the results presented in [3], we L
find that the mixing angle () is of the same order of mag­ (:
nitude 	('" 10-3 ), but for the model considered here the (:
mass associated with the new neutral current has smaller 16. F 
lower and upper bounds. with the lower bound just below 
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Fig. 1. Contour plot displaying the allowed region for () versus 
MZ2 at 95% C.L. 

allowed region in the (O-MZ2) plane at 95% confidence 
level (C.L.). In Fig. 1 we display this region, which gives 
us the constraints 

-0.0032 ~ 0 ~ 0.0031, 0.67TeV ~ MZ2 ::; 6.1 TeV. 
(15) 

As we can see, the mass of the new neutral gauge boson 
is compatible with the bound obtained in pp collisions at 
the Fermilab Tevatron [16]. 

7 Conclusions 

We have presented an anomaly-free model based on the 
local gauge group SU(3)c 0 SU(4)L 0 U(I)x, which does 
not contain exotic electric charges. This last constraint 
fixes the values b = 1 and c -2 for the parameters in 
the electric charge generator in (1). 

We break the gauge symmetry down to SU(3)cCi9U(I)Q 
in an appropriate way by using four different Higgs scalars 
¢i, i = 1, 2, 3, 4, which set two different mass scales: V rv 

V' » Vv2 + V '2 c:::: 174 GeV, with v rv Vi. By introducing 
an anomaly-free discrete symmetry we also obtain a 
simple mass splitting between exotic and ordinary fermions, 
and a consistent mass spectrum both in the quark and in the 
lepton sector. Notice also the consistence ofour model in the 
charged lepton sector where it predicts the correct ratios 
RTJ, 1'/ = e, p, T, in the Z decays. This is a characteristic 
feature of the two classes of three-family models introduced 
in [3]. 

By using experimental results we obtain a lowest bound 
of 0.67TeV ~ khz for the mass of an extra neutral gauge 
boson Z2, and we find the bound of the mixing angle () 
between the 8M neutral current and the Z2 one to be 
-0.0032 < () < 0.0031. 

When we compare the numerical results presented in 
the previuos section with the results presented in [3]. we 

}j, . find that the mixing angle () is of the same order of mag­
nitude (rv 10-3), but for the model considered here the 
mass associated with the new neutral current has smaller 
lower and upper bounds, with the lower bound just below 

the TeV scale, which allows for a possible signal at the 
Fermilab Tevatron. 

For our analysis we have chosen just one of the two pos­
sible three-family models without exotic electric charges, 
characterized by the parameters b = -c/2 = 1 in the elec­
tric charge operator [3]. We believe that the low energy 
phenomenology for the other model must produce results 
similar to the ones presented in this paper. 
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Anexo 3 


SOFTWARE 

Se incluyen en este anexo las rutinas usadas para hallar la regIOn de confianza para 
el angulo de mezcla y para la masa del nuevo boson de gauge zro cuya existencia es 
predicha por los modelos estudiados en esta investigacion. Este' programa fue el usado 
para la obtencion de las graficas que aparecen en la penultima seccion de cada uno de 
los artfculos publicados. 

5.1. Programa principal 

El siguiente es el programa principal que llama a la subrutina optimization.C 

#include <stdio.h> 

#include <stdlib.h> 

#include <math.h> 

#include <stdarg.h> 

#include <stdlib.h> 

#include "cfortran.h" 

#include "minuit.h" 


#include "optimization331.C" 

main(void) 
{ 


FILE *ev,*ch; 

int i; 

double parameters[MAXPARAM],deltap[MAXPARAM]; 

double bl[MAXPARAM] ,br[MAXPARAM],errors[MAXPARAM]; 

double gamma; 

double chi; 

double teta,Mz2; 

double tini,tfin,dt,M2ini,M2fin,dM2; 

double tetap,tau,tauini,taufin,dtau; 




11**************************************************** ****** 
IIINITIALIZATION OF GLOBAL VARIABLES 
11********************************************************** 
OBLIQUE=(3*GF*MT*MT)/(8*M_PI*M_PI*sqrt(2»; 
NC=3*(1+(0.1192/M_PI)+1.409*(0.1192/M_PI)*(0.1192/M_PI)-12.77 

*(0.1192/M_PI)*(0.1192/M_PI)*(0.1192/M_PI»; 

11**************************************************** ****** 
IIREADING EXPVAL FROM FILE 
11********************************************************** 
ev=fopen("experimentaI331.data","r"); 
for(i=Oji<NUMBERQUANTITIESji++){ 

fscanf (ev, ''{.If {.If'', &expval [1] ,&sigma [i]); 

} 


fclose(ev); 


11********************************************************** 
IIMINIMIZATION 

11********************************************************** 

IIINTIAL GUESS FOR THETA 

parameters [O]=THETA_INI; 

deltap [0] =DELTA_THETAj 

bl[O]=BL_THETA; 

br[O]=BR_THETA; 

IIINTIAL GUESS FOR MZ2 

parameters [1]=MZ2_INI; 

deltap[lJ=DELTA_MZ2; 

bl[lJ=BL_MZ2; 

br [1J =BR_MZ2; 

IIMINIMIZATION 

FitChiSquare(ChiSquare,NUMPAR,parameters,deltap,bl,br,errors); 


11********************************************************** 
IICONSTRUCT CONFIDENCE REGION 
11********************************************************** 

11* 
ev=fopen("contourverbose. datil, "r"); 

fscanf (ev, "%If %If'' ,&tini,&M2fin); 

fclose(ev); 

system(IItail -n 1 contourverbose.dat > Itmp/cont.tmp"); 

ev=fopen(lI/tmp/cont. tmp", "r"); 

fscanf (ev, "'l.lf 'l.lf" ,&tfin,&M2ini); 

fclose(ev); 


IIMODIFIED 
tini=-0.18; 
M2fin=18.0; 
tfin=0.16; 

M2ini=0.7; 

Iltini=-0.31;tfin=-0.25; 
dt=(tfin-tini)/30.0; 
Ildtau=(taufin-tauini)/l0.0; 
dM2=(M2fin-M2ini)/30.0; 
ch=fopen( "chisquare. dat", "w") ~ 

for(teta=tini;teta<=tfin;tet~ 

for(Mz2=M2ini;Mz2<=M2finjMz~ 

parameters [O]=tetaj 
parameters [1]=Mz2j 
ChiSquare(&chi,parameters: 
I I fprintf (ch, "{.10 .10g \n' 
fprintf (ch, ''{.If %If, %If\n' 
Ilprintf("%lf %If %If\n'' , 1 

} 

fprintf(ch,"\n"); 
} 


fclose(ch) j 


} 


A.2. Subrutina 

En esta subrutina se usan libreria: 
minimizacion de la X2 

#define MAX(a,b) (a>b?a:b) IICO~ 

#define MIN(a,b) (a<b?a:b) 

IIProgramation constants 
#define MAXPARAM 30 
#define NUMBERQUANTITIES 4 
#define ORDERPARAM {3,1,O,2} 
I I I I I I 
II B C L DO 
#define MAXQUANTITIES 15 
#define MEDDATA 10000 
#define NUMPAR 2 

IIPhysical constants 
IIWe take all this datas of the 
#define HVAR 6.58211889E-22 
liThe Planck constant divide by 
#define GF 1.16639E-5 
liThe Fermi constant divide by 1 
#define SW2 0.23113 
#define CW2 0.76887 

http:Iltini=-0.31;tfin=-0.25
http:tfin=0.16
http:tini=-0.18
http:NC=3*(1+(0.1192/M_PI)+1.409*(0.1192/M_PI)*(0.1192/M_PI)-12.77


M2ini=0.7; 

Iltini=-0.31:tfin=-0.25; 

dt=(tfin-tini)/30.0; 

Iidtau=(taufin-tauini) 110.0; 

dM2=(M2fin-M2ini)/30.0; 

ch=fopen("chisquare. datil, "w") ; 

for(teta=tini;teta<=tfin;teta+=dt){ 


for(Mz2=M2ini;Mz2<=M2fin;Mz2+=dM2){ 

parameters [O]=tetaj 

parameters [l]=Mz2: 

ChiSquare(&chi,parameters); 

I I fprintf (ch, "X10 .10g \n", chi) ; 

fprintf (ch, "Xlf %If %If\n'' , teta,Mz2, chi); 

Ilprintf("Xlf %If %If\n'' , teta,Mz2, chi) ; 


} 


fprintf (ch, "\n"); 

} 

fclose(ch); 

} 


A.2. Subrutina 

En esta subrutina se usan librerias del CERN que nos permiten realizar la 
minimizaci6n de la X2 

11==================================================== 

#define MAX(a,b) (a>b?a:b) IICDNSTANT FUNCTION MAX, MIN 
#define MIN(a,b) (a<b?a:b) 

IIProgramation constants 
#define MAXPARAM 30 
#define NUMBERQUANTITIES 4 
#define DRDERPARAM {3,l,O,2} 
I I I I I I 
II B C L DQ 
#define MAX QUANTITIES 15 
#define MEDDATA 10000 
#define NUMPAR 2 

IIPhysical constants 
//We take all this datas of the Particle Data Group (1 July 2002) 
#define HVAR 6.58211889E-22 
liThe Planck constant divide by two times pi, have units of: MeV.s. 
#define GF 1. 16639E-5 
liThe Fermi constant divide by hvar times c at three, have units of: GeV-{-2} 
#define SW2 0.23113 
#define CW2 0.76887 

http:Iltini=-0.31:tfin=-0.25


IIWeinberg Square Sine and Cosine 
#define THETA 0.292614162 
#define MW 80.423 
IIW~{+ or -} mass give in GeV 
#define MZ 91.1876 
IIZ_{l} mass give in GeV. 
#define MB 4.25 
IIBottom mass give GeV. 
#define MT 174.30 
IITop mass give GeV. 
#define Z 55 
Iinumber of protons of the source Cesio (Cs) 
#define NN 78 
Iinumber of neutrons of the source Cesio (Cs) 

IIVALUES FOR MINIMIZATION 
IIMIXING ANGLE 
II*POSITIVE REGION 
#define THETA_INI -311x 10~-2 
#define DELTA_THETA 1 
#define BL_THETA -le2 IILARGER THAN ZERO TO AVOID SINGULARITY 
#define BR_THETA le2 
#define SCALE_THETA le-2 
11*1 
I*POSTIVE REGION 

#define THETA_INI 311x 10~-2 -+ 
#define DELTA_THETA 1 
#define BL_THETA -le2 IILARGER THAN ZERO TO AVOID SINGULARITY 
#define BR_THETA le2 
#define SCALE_THETA le-2 
11*1 
IIZ2 MASS 
II*WHEN MASS Z2 IS USED 
#define MZ2_INI 3 
#define DELTA_MZ2 0.05 
#define BL_MZ2 0.7 
#define BR_MZ2 le3 
#define SCALE_MZ2 le3 IIGEV 
11*1 
II*WHEN TREE IS USED 
#define TAU_INI 5 
#define DELTA_TAU 1110.05 
#define BL_TAU 0.0 
#define BR_TAU le2 
#define SCALE_TAU leO IIGEV 
11*1 

IINumber of Colors 
double OBLIQUE,NCi 
double expval[MAXQUANTITIES],th 

IICOMPUTES THE g FUNCTIO 
IIFERMION TABLE: 

11============= 
Ill: u_{1,2},2: d_{1,2}, 
Ild_{3},6:u_{3},7:U_{3}, 
III0:v_{1,2,3},11:NO_{1, 

void ge(double theta,int fermio. 
{ II double THETA; 

IITHETA=sqrt(SW2*CW2)/sqrt(3. 
switch(fermion) { 
case 1: 

II u_{1,2} 
II*glV=(1.0/2.0-(4.0*SW2/3. 
II*glA=(1.0/2.0)*(cos(theta 
11************************* 
Ilu_{2,3} 

*glV=(1.0/2.0-(4.0*SW2/3.0) 
-(4.0*sqrt(SW2/CW2)! 

*glA=(1. 0/2.0) *cos(theta)-TH 
III do only one change ... in 

break; 

case 2: 


Ild_{1,2} 
I I *glV=(-1.0/2.0+(2.0*SW2/: 
II (2.0*SW2-3.0)*(sin(theta 

II *glA=(-1.0/2.0)*(cos(the~ 
11************************: 
Ild_{2,3} 
*glV=(-1.0/2.0+(2.0*SW2/3.1 

*«CW2-SW2)/(2.0*sqr 
THETA*sin(theta)*(2 

*glA=(-1.0/2.0)*cos(theta) 
-sin (theta) *THETA*( (Cl 

III do only one change ... : 
break; 

case 3: 
IID_{1,2} 

II *glV=(2.0*SW2*cos(theta), 

II +(sin(theta)*(3.0-5.0*SW: 

II *glA=CW2*sin(theta)/sqrt' 


11************new da1 
*glV=«2.0*SW2*cos(theta»/3.( 

+sin(theta) *THETA* (sqrtl 
*glA=-THETA*sqrt(CW2/SW2)*s; 
break; 

case 4: 



! 

I 

! 

!
l 

! 
! 
! 

IINumber of Colors 

double OBLIQUE,NC; 

double expval[MAXQUANTITIES],theo[MAXQUANTITIES] ,sigma[MAXQUANTITIES]; 


IICOMPUTES THE g FUNCTION FOR ONE FERMION 

IIFERMION TABLE: 


11============= 
Ill: u_{1,2},2: d_{1,2},3: D_{l,2},4:D'_{1,2},5: 
Ild_{3},6:u_{3},7:U_{3},8:U'_{3},9:e-_{1,2,3} 
1110:v_{l,2,3},11:NO_{1,2,3},12:NO'_{1,2,3} . 

void ge(double theta,int fermion,double *glV,double *glA) 
{ II double THETA; 

IITHETA=sqrt(SW2*CW2)/sqrt(3.0-4.0*SW2); 
switch(fermion){ 
case 1: 

II u_{1,2} 
II*glV=(1.0/2.0-(4.0*SW2/3.0»*(cos(theta)-(sin(theta)Isqrt(3.0-4.0*SW2»); 
II*glA=(1.0/2.0)*(cos(theta)-(sin(theta)/sqrt(3.0-4.0*SW2»); 
11************************************************************************ 
Ilu_{2,3} 

*glV=(1.0/2.0-(4.0*SW2/3.0»*cos(theta)-THETA*«1.0/(2.O*sqrt(CW2*SW2») 
-(4.0*sqrt(SW2/CW2)/3.0»*sin(theta); 

*glA=(1.0/2.0)*cos(theta)-THETA*(1.0/(2.0*sqrt(CW2*SW2»)*sin(theta); 
III do only one change ... in the above expression ... 

break; 
case 2: 

Ild_{1,2} 

II *glV=(-1.0/2.0+(2.0*SW2/3.0»*cos(theta)+ 

II (2.0*SW2-3.0)*(sin(tbeta)/(6.0*sqrt(3.0-4.0*SW2»); 


II *glA=(-1.0/2.0)*(cos(theta)+(sin(theta)*(1-2.0*SW2)/sqrt(3.0-4.0*SW2»)j 
11**************************************************** ******************* 
Ild_{2,3} 
*glV=(-1.0/2.0+(2.0*SW2/3.0»*cos(theta)-THETA*sin(theta) 


*«CW2-SW2)/(2.0*sqrt(CW2*SW2»)­

THETA*sin(theta)*(2.0/3.0)*sqrt(SW2/CW2); 


*glA=(-1.0/2.0)*cos(theta) 

-sin(theta)*THETA*«CW2-SW2)/(2.0*sqrt(CW2*SW2»); 


III do only one change ... in the above expression ... 

break; 


case 3: 

IID_{1,2} 

II *glV=(2.0*SW2*cos(theta)/3.0) 

II +(sin(theta)*(3.0-5.0*SW2)/3.0*sqrt(3.0-4.0*SW2»; 

II *glA=CW2*sin(theta)/sqrt(3.0-4.0*SW2)j 


11************new data***************** 

*glV=«2.0*SW2*cos(theta»/3.0) 


+sin(theta)*THETA*(sqrt(CW2/SW2)+(2.0*sqrt(SW2/CW2»/3.0); 

*glA=-THETA*sqrt(CW2/SW2)*sin(theta); 

break; 


case 4: 



Ild_{3} 

II *glV=(-1.O/2.0+(2.0*SW2)/3.0)*cos(theta)+ 


II(sqrt(3.0-4.0*SW2)*sin(theta)/6.0): 

II *glA=(-1.O/2.0)*(cos(theta)-(sin(theta)/sqrt(3.0-4.0*SW2»)j 


11**************************** 

IINow this is d_{l} 

*glV=(-1.O/2.0+«2.0*SW2)/3.0»*cos(theta) 


-THETA*sin(theta)*«1.O/(2.0*sqrt(CW2*SW2») 

-(2.0*sqrt(SW2/CW2)/3.0»; 

*glA=(-1.O/2.0)*cos(theta)-THETA*(1.O/(2.0*sqrt(CW2*SW2»)*sin(theta); 
break; 

case 5: 
Ilu_{3} 


II *glV=cos(theta)*(1.O/2.0-(4.0*SW2)/3.0)+ 

II «2.0*SW2+3.0)*sin(theta)/6.0*sqrt(3.0-4.0*SW2»; 


II*glA=(1.O/2.0)*cos(theta)+(sin(theta)*(1-2.0*SW2)/sqrt(3.0-4.0*SW2»; 

IINow this is u_{l} 


*glV~cos(theta)*(1.0/2.0-«4.0*SW2)/3.0» 

-sin(theta)*THETA*«(CW2-SW2)/(2.0*sqrt(CW2*SW2») 
+«2.0*sqrt(SW2/CW2»/3.0»: 

*glA=(1.0/2.0)*cos(theta)-sin(theta)*THETA*«CW2-SW2)1(2.0*sqrt(CW2*SW2»): 
break; 

case 6: 
IIU 

II *glV=(4.0/3.0)*(-SW2*cos(theta) 

11+«(3.0/2.0)-4.0*SW2)*sin(theta)/sqrt(3.0-4.0*SW2»); 

II *glA=-(1.O/3.0)*sqrt(3.0-4.0*SW2)*sin(theta); 

11********the new form of the expressions****** 

*glV=(-4.0/3.0)*SW2*cos(theta) 


-THETA*sin(theta)*(sqrt (CW2/SW2)+(4. O*sqrt (SW2/CW2»/3 .0): 

*glA=THETA*sin(theta)*sqrt(CW2/SW2); 

break; 


case 7: 
Ile-_{1,2,3} 

II *glV=cos(theta)*(-(1.0/2.0)+2.0*SW2) 

II -«sin(theta)*(1.O-4.0*SW2»/2.0*sqrt(3.0-4.0*SW2»; 

II *glA=-(1.O/2.0)*(cos(theta)-(sin(theta)/sqrt(3.0-4.0*SW2»): 

11*******the new leptons******** 

*glV=cos(theta)*(-(1.O/2.0)+2.0*SW2) 


+THETA*sin(theta)*«1.0/(2.0*sqrt(CW2*SW2») 
-2.0*sqrt(SW2/CW2»; 

*glA=-(1.O/2.0)*cos(theta)+THETA*(1.O/(2.0*sqrt(CW2*SW2»)*sin(theta); 
III do only one change ... in the above expression ... 

break; 

case 8: 


Ilv_{1,2,3} 
II *glV=(1.O/2.0)*(cos(theta) 

11+(sin(theta)*(1.0-2.0*SW2)/sqrt(3.0-4.0*SW2»); 
II *glA=(1.O/2.0)*(cos(theta) 

11+(sin(theta)*(1.O-2.0*SW2)/sqrt(3.0-4.0*SW2»); 

11**************the new neutri 
Ilv_{1,2,3} 
*glV=(1.O/2.0)*cos(theta)-sin 
*glA=(1.O/2.0)*cos(theta)-sin 
break: 

case 9: 
IINO_{1,2,3} 

II *glV=(-1.O/6.0)*sqrt(3.0-4 
II*glA=(-1.O/6.0)*sqrt(3.0-4. 
11**************+the new exot 
IINO_{1,2,3} 
*glV=-THETA*sqrt(CW2/SW2)*sin 
*glA=-THETA*sqrt(CW2/SW2)*sin 
break; 

} 
} 

IICOMPUTATION OF THE Z DECAY WIDT 
double Gamma(double parameters[], 
{ 

double gamZ; 

double teta,Mz2; 

double glV,glA; 

double TREE,BETHA,DELTB,QCD,QE[ 


11***************************** 
IIREAD OF THE PARAMETERS ARRAY 
11****************************' 
teta=parameters[O];llteta REPRE 
Mz2=parameters[1];IIMz2 IS THE 
TREE=«(Mz2*Mz2)/(MZ*MZ»-1.O)' 
BETHA=sqrt(1.O-«4*MB*MB)/(MZ*~ 
DELTB=(1.0/100)*(-«MT*MT)/(2*~ 

QCD=l.O; 
QED=1.0+(3/(4*M_PI*127.938»; 

switch(fermion){ 
case O:IIGAMMA BOTTOM-ANTIBOTO~ 

ge(teta,2,&glV,&glA); 
gamZ=«NC*GF*MZ*MZ*MZ)/(6*M_t 

«(3*BETHA-BETHA*BETHA*BETHA)/2); 
(l+DELTB)*(QCD*QED); 

break; 
case l:IIGAMMA CHARM-ANTICHARM 

ge(teta,l,&glV,&glA); 
gamZ=«NC*GF*MZ*MZ*MZ)/(6*M_l 

«glV*glV)+(glA*glA»*l*(QCD*QED: 
break; 

case 2:IIGAMMA LEPTON-ANTILEPTI 
ge(teta,7,&glV,&glA); 



//**************the new neutrinos******** 
//v_{1,2,3} 
*glV=(1.O/2.0)*cos(theta)-sin(theta)*THETA*«CW2-SW2)/(2.0*sqrt(CW2*SW2»); 
*glA=(1.O/2.0)*cos(theta)-sin(theta)*THETA*«CW2-SW2)/(2.0*sqrt(CW2*SW2»); 
break; 

case 9: 
//N031,2,3} 

// *glV=(-1.O/6.0)*sqrt(3.0-4.0*SW2)*sin(theta): 
//*glA=(-1.O/6.0)*sqrt(3.0-4.0*SW2)*sin(theta); 
//**************+the new exotic scalars 
//NO_{1,2,3} 
*glV=-THETA*sqrt(CW2/SW2)*sin(theta): 
*glA=-THETA*sqrt(CW2/SW2)*sin(theta); 
break; 

} 

} 

//COMPUTATION OF THE Z DECAY WIDTH 
double Gamma(double parameters[],int fermion) 
{ 

double gamZ; 

double teta,Mz2: 

double glV,glA; 

double TREE,BETHA,DELTB,QCD,QED; 


//***************************************************** 

//READ OF THE PARAMETERS ARRAY 

//***************************************************** 

teta=parameters[O] ;//teta REPRESENT THETA 

Mz2=parameters[1];//Mz2 IS THE MASS OF THE NUETRAL BOSON 2 

TREE=«(Mz2*Mz2)/(MZ*MZ»-1.0)*sin(teta)*sin(teta); 

BETHA=sqrt(1.0-«4*MB*MB)/(MZ*MZ»): 

DELTB=(1.0/100)*(-«MT*MT)/(2*MZ*MZ»+(1.0/5»; 

QCD=1.0: 

QED=1.0+(3/(4*M_PI*127.938»; 


switch(fermion){ 

case O://GAMMA BOTTOM-ANTIBOTOM 

ge(teta,2,&glV,&glA); 
gamZ=«NC*GF*MZ*MZ*MZ)/(6*M_PI*sqrt(2»)*(1+OBLIQUE+TREE)* 

«(3*BETHA-BETHA*BETHA*BETHA)/2)*glV*glV+BETHA*BETHA*BETHA*glA*glA)* 
(l+DELTB)*(QCD*QED); 

break; 
case l://GAMMA CHARM-ANTICHARM 

ge(teta,l,&glV,&glA); 
gamZ=«NC*GF*MZ*MZ*MZ)/(6*M_PI*sqrt(2»)*(1+OBLIQUE+TREE)* 

«glV*glV)+(glA*glA»*l*(QCD*QED); 
J 
, 

break; 
case 2://GAMMA LEPTON-ANTILEPTON 

ge(teta,7,&glV,&glA); 



gamZ=«1*GF*MZ*MZ*MZ)/(6*M_PI*sqrt(2)))*(1+0BLIQUE+TREE) 
*«glV*glV)+(glA*glA))*l*(QCD*QED); 

break: 

} 


return gamZ; 

} 

double DeltaNucleusCharge(double parameters[]) 
{ double teta,Mz2j 

double tree,DQj 
double ae,vu,vd,Ae,Vu,Vdj 

//These are the g values (Axial y Vectorial) of the Zl y Z2, 
//repectively in the Theta Zero Limit. 


teta=parameters[O]; 

Mz2=parameters[1]j 

tree=«(Mz2*Mz2)/(MZ*MZ))-1)*sin(teta)*sin(teta)j 


flOur 3-3-1 Model with minmal scalar sector 

//Theta Zero Limit of constants of the Zl 

//ae=+(1.0/2.0)://3-3-1 Model of Long 


ae=-(1.0/2.0) ; 

vu=(1.0/2.0)-(4.0*SW2/3.0)j 

vd=-(1.0/2.0)+(SW2/3.0); 


//Theta Zero Limit of constants of the Z2 

//Ae=(1.0/2.0)*(1.0/sqrt(3.0-4.0*SW2)); 

//Vu=-«1.0/2.0)-(4.0*SW2/3.0))*(1.0/sqrt(3.0-4.0*SW2)); 

//Vd=-«1.0/2.0)-(SW2/3.0))*(1.0/sqrt(3.0-4.0*SW2)); 

//this is the new constants 'Which were obtained by William Professor 

//Theta zero limit which imply Phi zero limit and Psi zero limit 


Ae=-THETA/(2.0*sqrt(SW2*CW2)): 

Vu=-THETA*«(CW2-SW2)/(2.0*sqrt(SW2*CW2)))+(4.0*sqrt(SW2/CW2)/3.0)); 

Vd=-THETA*«1.0/(2.0*sqrt(CW2*SW2)))-(2.0*sqrt(SW2/CW2))/3.0): 


//Delta Q 
DQ=«1+«4*SW2*SW2)/(1.0-2*SW2)))*Z-NN)*tree; 
DQ+=16*«2.0*Z+NN)*(ae*Vu+Ae*vu)+(Z+2.0*NN)*(ae*Vd+Ae*vd))*sin(teta); 
DQ+=16*«2.0*Z+NN)*Ae*Vu+(Z+2.0*NN)*Ae*Vd)*«MZ*MZ)/(Mz2*Mz2)); 

return DQ; 
} 

11**************************************************** ********** 
IITHEORETICAL VALUES OF QUANTITIES 
double TheoreticalValues(int i,double parameters[]) 
{ 

int j; 

double theo; 

double order[]=ORDERPARAM; 


if (i="'order [0] ) { 

IIGAMMA BOTTOM-ANTIBOTTOM 


theo=Gamma(parameters,O); 

} 

else if(i==order[l]){ 


I/GAMMA CHARM-ANTICHARM 

theo=Gamma(parameters,l); 


} 
else if(i==order[2]){ 

/IGAMMA LEPTONS(WE USED 1 
theo=Gamma(parameters,2); 

} 
else if (i==order[3]){IICESIO Q 

// theo=NucleusCharge(pal 
Ilis better DQ since is < 

theo=DeltaNucleusChar~(parw 
} 

return theo; 

} 

/ICHISQUARE COMPUTATION 
void ChiSquare(double *chisq,dou' 
{ 

int i: 
double inparam[MAXPARAM]; 

IICONVERSION OF PARAMETERS TO 
inparam[O] =asin(parameters [oJ* 
inparam[lJ=parameters[l]*SCALE 
/linparam[l]=parameters[lJ*SCA 

*chisq=O; 
for(i=O;i<NUMBERQUANTITIES;i+f 

theo[i]=TheoreticalValues(i, 
*chisq+=(expval[i]-theo[i])* 

} 

IITAKE INTO ACCOUNT THAT INSIr 
IIAND THE VALUE REPORTED MUST 
parameters [l]=inparam[l]/SCAU 
//parameters[l]=inparam[l]/SCJ 

} 

void shcmd(int n, ... ) 
{ 

FILE *scr; 

char *opcionj 

int ij 




theo=Gamma(parameters,O); 

} 

else if(i==order[1]){ 


IIGAMMA CHARM-ANTICHARM 
theo=Gamma(parameters,l); 


} 

else if(i==order[2]){ 


IIGAMMA LEPTONS(WE USED THE UNIVERSALITY-ELECTRON-ANTIELECTRON) 
theo=Gamma(parameters,2); 


} 

else if (i==order [3]){IICESIO Q 


II theo=NucleusCharge(parameters); 

Ilis better DQ since is a quantitie of the minor order 


theo=DeltaNucleusCharge(parameters); 

} 


return theo; 

} 

IICHISQUARE COMPUTATION 
void ChiSquare(double *chisq,double parameters[]) 
{ 

int i; 

double inparam[MAXPARAM]; 


IICONVERSION OF PARAMETERS TO ITS REAL SCALE 

inparam[O]=asin(parameters[O]*SCALE_THETA); 

inparam[1]=parameters[1]*SCALE_MZ2; 

Ilinparam[l] =parameters [1] *SCALE_TAU; 


*chisq=O; 
for(i=O;i<NUMBERQUANTITIES;i++){ 

theo[i]=TheoreticalValues(i,inparam); 
*chisq+=(expval[i]-theo[i])*(expval[i]-theo[i])/(sigma[i]*sigma[i]); 

} 

IITAKE INTO ACCOUNT THAT INSIDE CHISQUARE MASS IS COMPUTED IN GEV 

IIAND THE VALUE REPORTED MUST BE IN TEV 

parameters [1] =inparam[l] ISCALE_MZ2; 

Ilparameters[l]=inparam[l]/SCALE_TAU; 


} 

void shcmd(int n, ... ) 
{ 

FILE *scr; 
char *opcion; 
int i; 



ts::fopen ("chiverbose. dat" ,"a") 
for(i::O;i<NUMPARji++) fprintf(

va_start(vara,n)j for(i=O;i<NUMBERQUANTITIES;i+, 
fprintf (ts, "%If\n'' ,*fcnval);

scr=fopen("/tmp/shcmd-diego","a"); 
fclose(ts)j 

for(i=l;i<=n;i++){ 
break;opcion=va_arg(vara,char *); 

}fprintf (scr, "%s", opcion) j 
}} 

IIROUTINE TO FIT PARAMETERS BY CH:
fprintf(scr,"\n tl

); void FitChiSquare(void (*funcion), 
,double bl[], dou!

fclose(scr); 
{ 

int i;system("source Itmp/shcmd-diego"); double cmd_param[MAXPARAM];
system("rm -rf Itmp/shcmd-diego")i 

double tmpi} 
int error_flag; 
char name [10] ; int countfile(char *file) char *nums [J ={ "1" , "2" , "3" , "4" , ",

{ 
char *command ;FILE *cn; 

int num; IIERASE VERBOSE FILES 
system("rm -rf chiverbose.dat")

shcmd(3,"wc -1 ",file," I awk '{print $1}' > Itmp/count-diego.tmp l1); 

IIINITIALIZE ROUTINE MINUITcn=fopen("/tmp/count-diego.tmp","r"); 
MNINIT(5,6,7) i fscanf(cn,"%d",&num)j 

fclose(cn)j IISET TITLE O~ MINIMIZATION 
command="Chi-Square Analysis" i

shcmd(1,"rm -rf Itmp/count-diego.tmp"); 
MNSETI (command) ; 

return num; 
IISET PARAMETERS} 
for(i=O;i<npar;i++){ 

command="par";IISPECIAL FUNCTION FOR MIGRAD OPTIMIZATION 
MNPARM(i+l,command,param[i],dvoid OptimizationFunction(int npar, double grad[], 

}double *fcnval,double xval[J, 

int iflag, void (*Dumrny)()) 


IISET SOME CONSTANTS{ 
cmd_param[OJ=0.5;int i; 
command="SET ERRORDEF";FILE *ts; 
MNEXCM(OptimizationFunction.con 
cmd_param [OJ =2;switch(iflag) { 
command="SET STRATEGY";case 1: 
MNEXCM(OptimizationFunction, CODbreak; 
cmd_param[0]=2;case 2: 
command="SET PRINTOUT";break; 
MNEXCM(OptimizationFunction, COldefault: 


(*Dumrny) (fcnval,xval); 

/ICALL SIMPLEXIISTORE VALUES IN VERBOSE FILE 



ts=fopen(tlchiverbose.dat","a")j 
for(i=O;i<NUMPAR;i++) fprintf(ts,"%lf ",xval[i]) j 
for(i:O; i<NUMBERQUANTITIES; i++) fprintf , ''%If ", theo [i]) ; 
fprintf(ts, ''%If\n'', *fcnval) ; 
fclose(ts)j 

break; 
} 


} 


IIROUTINE TO FIT PARAMETERS BY CHISQUARE 
void FitChiSquare(void (*funcion)(),int npar,double param[] ,double deltap[] 

,double bl[],double br[] ,double errors[]) 
{ 

int i; 

double cmd_param[MAXPARAM]i 

double tmp; 

int error_flag; 

char name[lO]; 

char *nums []={"l", "2", "3", "4", tl5"}; 

char *command; 


IIERASE VERBOSE FILES 

system(lIrm -rf chiverbose.dat"); 


IIINITIALIZE ROUTINE MINUIT 

MNINIT(5,6,7) ; 


IISET TITLE OF MINIMIZATION 

command=tlChi-Square Analysis"; 

MNSETI(command) ; 


IISET PARAMETERS 
for(i=O;i<npar;i++){ 

command="par" ; 
MNPARM(i+l,command,param[i] ,deltap[i] ,bl[i] ,br[i] ,error_flag); 

} 

IISET SOME CONSTANTS 

cmd_param[O] =0. 5; 

command="SET ERRORDEF"; 

MNEXCM(OptimizationFunction,command,cmd_param,l,error_flag,funcion); 

cmd_param[O] =2; 

command="SET STRATEGY"; 

MNEXCM (OptimizationFunction , command,cmd_param, l,error_flag,funcion); 

cmd_param[O] =2; 


I command="SET PRINTOUT";
1 MNEXCM(OptimizationFunction,command,cmd_param,l,error_flag,funcion);
{ 

! IICALL SIMPLEX 



command="SIMPLEX"j 

MNEXCM(OptimizationFunction, command,O,0 ,error_flag,funcion); 

//CALL MIGRAD 

command="MIGRAD"j 

MNEXCM(OptimizationFunction,command,O ,O,error_flag, funcion); 


//STORE MINIMIZATION SEARCH 

system(lImv chiverbose.dat minverbose.dat"); 


//SCAN PARAMETERS INTERMEDIATE 

for(i=Oji<nparji++){ 


if	(deltap [iJ){ 
cmd_param[O]=i+l; 
cmd_param [1] =40; 
cmd_param[2]=bl[i] j 
cmd_param[3]=br[i] ; 
command="SCAN"; 
MNEXCM(OptimizationFunction,command,cmd_param,4,error_flag,funcion); 

} 
} 

command="HESSE"; 

MNEXCM(OptimizationFunction,command,O,O,error_flag,funcion); 

//RECALL MIGRAD 

command="MIGRAD"; 

MNEXCM (OptimizationFunction,command,O,O,error_flag, funcion): 


//RETURN PARAMETERS RESULT 

for(i=O;i<npar;i++){ 

MNPOUT(i+l,name,param[i],tmp,tmp,tmp,error_flag); 
MNERRS(i+l,tmp,tmp,errors[i],tmp); 

} 

//STORE MINIMIZATION SEARCH 
system(lImv chiverbose.dat minverbose.dat")j 

//SCAN PARAMETERS 
for(i=Oji<npar;i++){ 

if	(deltap [i]){ 
cmd_param[O]=i+lj 
cmd_param[l] =40; 
cmd_param[2]=param[i]-deltap[i]j 
cmd_param[3]=param[i]+deltap[i]; 
command="SCAN"; 
MNEXCM(OptimizationFunction,command,cmd_param,4,error_flag,funcion); 
//STORE SCAN VERBOSE 
shcmd(3,"mv chiverbose. dat scanverbose-", nums [i] , " . dat") ; 

} 
} 

//CONTOUR 

//* 
cmd_param[O]=O.5; 

command="SET ERRORDEF"; 

MNEXCM(OptimizationFunction,corr 

cmd_param[OJ=1;cmd_param[1]=2; 

command="CONTOUR"j 

MNEXCM (OptimizationFunction, corr 

//STORE CONTOUR VERBOSE 

system ("mv chiverbose. dat conto 

11*/ 

command="SHOW FCN"; 
MNEXCM(OptimizationFunction,corn 
command="SHOW COV"; 
MNEXCM (Optimizat ionFunction , corn 
command="SHOW EIG"; 
MNEXCM(OptimizationFunction,corn 
command="SHOW COR"; 
MNEXCM(OptimizationFunction,com 

//PRINT RESULTS 

printf("\n\n"); 

for(i=O;i<npar;i++){ 


printf (llparameter 'I.d 'I.lf +/ 
} 

printf(lI\n\n"); 

} 

//PRINTS A DATA FILE USING COLOR 
//colx,coly,colz DATA COORDINATES 
void levelplot(char *file,int nda 
int colz,int colh int qlevel,char 
{ 

int i,j; 

int dim; 

double hmax,hmin,deltah; 

double val; . 

FILE *fl,*gp; 

char *pl [] ={lIplot", "splot"}; 

double xx [MEDDATA] ,yy[MEDDATA] , 

int levels[7J={3,5,2,7,4,1,6}j 


int color,cindex; 


dim=colz?l:O;//l: 3D, O:2D 


fl=fopen(file," r "); 

for(i=Oji<ndata;i++){ 


for(j=l;j<=cols;j++){ 




//* 

cmd_param[0]=0.5; 

co=and="SET ERRORDEF"; 

MNEXCM(OptimizationFunction,co=and,cmd_param,l,error_flag,funcion); 

cmd_param[O] =1; cmd_param[l] =2; 

co=and="CONTOUR"; 

MNEXCM(OptimizationFunction,command,cmd_param,2,error_flag,funcion); 

//STORE CONTOUR VERBOSE 

system("mv chiverbose.dat contourverbose.dat"); 

//*/ 


command="SHOW FCN"; 

MNEXCM(OptimizationFunction,command,O,O,error_flag,funcion); 

command="SHOW COV"; 

MNEXCM(OptimizationFunction,command,O,O,error_flag,funcion); 

command="SHOW EIG"; 

MNEXCM(OptimizationFunction,command,O,O,error_flag,funcion); 

co=and="SHOW COR"; 

MNEXCM(OptimizationFunction,co=and,O,O,error_flag,funcion); 


//PRINT RESULTS 

printf("\n\n"); 

for(i=O;i<npar;i++){ 


printf("parameter 'l.d = 'l.lf +/- 'l.lf\n",i,param[i],errors[i]); 

} 


printf("\n\n"); 


} 

//PRINTS A DATA FILE USING COLOR LEVEL CODES 

//colx,coly,colz DATA COORDINATES (IF COLZ=O PLOT (COLX,COLY)) 

void levelplot(char *file,int ndata,int cols,int colx,int coly, 

int colz,int colh int qlevel,char *plotfile,int rotz,int rotx,int graphflag) 

{ 


int i,j; 

int dim; 

double hmax,hmin,deltah; 

double val; . 

FILE *fl,*gp; 

char *pl [] ={ "plot" , "splot"} ; 

double xx [MEDDATA] ,yy[MEDDATA] ,zz[MEDDATA] ,hh[MEDDATA] ; 

int levels[7]={3,5,2,7,4,1,6}; 


int color,cindex; 

dim=colz?1:0;//1: 3D, 0:2D 

fl=fopen(file,"r"); 

for(i=O;i<ndata;i++){ 


for(j=l;j<=cols;j++){ 




fscanf(fl,"%lf",&val); 6. Informe financiero 
if(j==colx) xx[i]=val; 

} 

if(j==coly) yy[i]=val; 
if(j==colz) zz[i]=val; 
if(j==colh) hh[i]=val; 

Se adjuntan aqlll el informe de ej( 
25 de Abril de 2005, expedido por : 
del 23 de Febrero de 2005 en la ql 

hmax=i==O?hh[i] :MAX(hh[i] ,hmax); proyecto de $ 958.343.00, y mi resp 

} 
hmin=i==O?hh[i] :MIN(hh[i] ,hmin); importacion de dos libros. 

fclose (fl) ; 

gp=fopen(plotfile,"w"); 
fprintf(gp,"set view %d,%d\n%s",rotz,rotx,pl[dim]); 
deltah=6.0/((hmax-hmin)/qlevel); 
for(i=O;i<ndata;i++){ 

cindex=(int)(deltah*(hh[i]-hmin)); 
color=levels[cindex%7]; 
fprintf(gp," '-' not w lp %d",color); 
if (i<ndata-1) fprintf (gp,", ") ; 

} 

fprintf(gp, "\n") ; 
for(i=O;i<ndata;i++){ 

fprintf (gp, ''%If %If ", xx [i] ,yy [i] ) ; 
if(dim) fprintf(gp,"%lf",zz[i]); 
fprintf(gp,"\ne\n"); 

} 

fprintf(gp,"pause -1 \"Press enter to continue ... \""); 
fclose(gp); 
if(graphflag) system("gnuplot level-plot.gpl"); 

} 



9 

J 
! 
b 

6. Informe financiero 

Se adjuntan aqui el informe de ejecucion presupuestal acumulada, con fecha del 
25 de Abril de 2005, expedido pm la DIME, la carta de la Diredora de Ia DIME 
del 23 de Febrero de 2005 en la que me informa de un saldo por ejecutar en el 
proyecto de $ 958.343.00, y mi respuesta en la que solicito invertir esc saldo cn la 
importacion de dos libros. 

http:958.343.00
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DIME-20 

Medellin, Febrero 23 de 2005 

Profesor 
LUIS ALBERTO SANCHEZ DUQUE 
Facultad de Ciencias 
Escuela de Fisica 
La Sede 

Referencia: 	 Proyecto de Investigacion: "Mode/os de unificacion de interacciones 
fundamenta/es basados en e/grupo de simetr/a SU(3)C X SU(4)L X U(J)X" 

Apreciado Investigador: 

Se esta remitiendo el saldo disponible para el proyecto en menci6n. 

Por Consejo de Sede se aprob6 pasar solamente los saldos reportados al 30 de noviembre, 
superiores a un salario minima y gravar con el 5% la totalidad de dichos saldos para proveer 
de apoyo administrativo financiero para todos los tn.'lmites. 

Solicitamos diligenciar los cambios que sean estrictamente necesarios y reportarlos por 
medio de las Coordinaciones de cada facultad, a esta dependencia, hasta el viernes 
proximo (25 de febrero) a las 12:00 del dia; debido a que el sistema financiero s610 recibe 
modificaciones cada dos meses y esa es la fecha establecida por cronograma y cierre 
automatico del sistema. 

Si no se van a utilizar los recursos pendientes debe notificarse inmediatamente a la 
Coordinaci6n de cada facultad. 

Cod. Quipu Rubro Saldo 

20101004541 Remun. Servicios Tecnicos 610.548 

Materiales y Suministros 167.650 

Impresos y Publicaciones 180.145 
Valor total 958.343 

Cordialmente, 

OLGA CECILIA 	 GUZMAN MORALES 
Directora DIME 

Ui\IVHtS'Il,\!J !\1M:!""'! DE COLOr-IUIA 
;jfD1-~\~·;·\;:,r .LL\: 


DEPTO !H ~"qtU()TECAS

SIBLIOTECr. ,,;,.1'.;" Cu,"iEZ 



Medellfn, Febrero 24 de 2005 

Profesora 

OLGA CECILIA GUZMAN MORALES 

Directora DIME 

Universidad Nacional de Colombia - sede Medellin 

La Sede 

Apreciada Profesora, 

con referencia a los recursos pendientes del proyecto de investigaci6n "Modelos de unificacion de 

interaccionesJundamentales basados en el grupo de simetrfa SU(3)c X SU(3)LX U(J)X", del cual 

soy investigador principal, me permito solicitarle cambio de rubro en el sentido que todos esos 

recursos ($ 958.343) sean invertidos en la importaci6n de los libros que !isto a continuacu6n: 

1. 	Titulo: Strings, Branes and Gravity. 

Autor: Theoretical Advanced Study Institute in Elementary Particle Physics, et a1. 

Pagina web: www.amazon.com 

Predo (en d61ares): 134.00 

2. 	Titulo: Unification and Supersyrnmetry: the frontiers of quark-lepton physics. 

Autor: R. N. Mohapatra. 

Editorial: Springer-Verlag. 

Pagina web: www.amazon.com 

Predo (en d6Iares): 59.50 

Cordialmente, 

LUIS ALBERTO SANCHEZ DUQUE 

Profesor, Escuela de Ffsica 

Vo.Bo. _____________ 

DIEGO MEJfA DUQUE 

Vicedecano (E) de Investigaciones 

Facultad de Ciencias 

http:www.amazon.com
http:www.amazon.com


UNIVERSIDAD NACIONAL DE COLOMBIA SEDE MEDELLIN 


Programas Curriculares en Fisica 

Facultad de Ciencias 


PCF-078 


Medellin, junio lOde 2005 

A QUIEN CORRESPONDA: 

La Coordinadora de Programas Curriculares de la Escuela de Fisica y de la Maestria en 
Fisica, se permite dar constancia que el docente LUIS ALBERTO SANCEHZ DUQUE 
adscrito a la Escuela de Fisica, particip6 como expositor en el seminario permanente de la 
Maestria en Fisica. 

Conferencia: "La Extension 3-3-1 del modelo estimdar de las interaccion 

jundamentales" 

Fecha: Viernes 3 de septiembre de 2004 

Hora: 10:00 a.m. 

Lugar: Auditorio Samuel Melguizo 

Cordialmente, 

Clcwdicc q [C~
CLAUDIA GAR6i'GARCIA 
Coordinadora 
Programas Curriculares Escuela de Fisica 

Laura T. 

"30 afios de cultura cientifica" 

Autopista Norte Calle 64 x Carrera 65, Apartado 3308 -Telefono: 430 9891 Fax: 260 4489 Medellin 


